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ABSTRACT
Single crystalline samples of transition metal oxide Cd2Re2O7, the first superconductor
among pyrochlore oxides with general formula A2B2O7 and the first example of
“ferroelectric metal” theoretically proposed by P.W. Anderson and E.I. Blount back in
1960s, have been grown using vapor transport and carefully characterized, regarding its
chemical stoichiometry and structure. In addition to the superconductivity transition, two
normal state phase transitions and the anomalous high temperature phase have been
comprehensively investigated, by means of transport, thermodynamic and spectroscopy
techniques. The system undergoes a subtle continuous cubic-to-tetragonal phase
transition at T*~ 200 K, a weak first-order tetragonal-to-tetragonal phase transition at T’~
120 K. Theoretical calculation indicates the primary lattice instability comes from a twofold degenerate soften phonon mode with Eu symmetry, and the motions of the oxygen
octahedron coordinating Re dominate the energetics of the 200 K transition. Consistently,
structural study suggests a staggered distortion of the Re-Re bond in the Re tetrahedral
network, such that finite local distortions do not produce appreciable change in lattice
constant. The complex and subtle change in normal state physical properties can be
explained within a new type of ionic fluctuation model with metallic “ferroelectric”
nature. Although the low temperature structure is yet fully determined, the 3-fold
symmetry and inversion symmetry are clearly lost upon the onset of superconductivity at
Tc~1.0 K. The superconductivity is likely of BCS type-II, but exotic in its Tc-penetration
depth relation (i.e., “within a Uemura band”).
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PART I
INTRODUCTION

1

1.1 The Correlated Electron System

The physics of the many body system offers a wide range of challenging problems, which
solutions closely depend upon the nature of each constituent particle and the specific
interactions among them. The strongly correlated electronic system comes under this
category, where the electron-electron interaction is strong enough to bring about drastic
change in electronic properties, significantly deviating from the paradigm Fermi-Landau
liquid theory. The examples include, while not limit to, the high temperature
superconductors, heavy fermions, manganite compounds with colossal magnetoresistance
(CMR), transition metal compounds with Mott-type metal-insulator transitions (MIT),
and novel mesoscopic systems like quantum dots and carbon nanotubes. Understanding
the strongly correlated electron systems becomes one the few top challenges and
priorities in condensed matter physics.

Ever since the discovery of the high-TC superconductivity (HTSC) in cuprates, the
question of unconventional mechanism of superconductivity and the studies of spinliquid systems, have been treated with intense interests. This makes the studies of
frustrated spin systems, together with the search for new mechanisms of
superconductivity, a topic of great current physical interest. Oxide superconductors with
non-perovskite structures or non-cuprate composition are rare, in particular, among the
over 150 known A2B2O7 pyrochlore oxides. At present stage, it is not clear why the
pyrochlore structure is unfavorable for superconductivity (or the other part: why HTSC
only favors cuprates).
2

1.2 A2B2O7 Transition metal Oxide Pyrochlore

The transition metal oxides, of general formula A2B2O7 and adopting pyrochlore structure
(space group F d3 m), have attracted intense interest recently, as they are considered to
be ideal systems for studying the effects of geometrical frustration. Earlier in 1983,
Subramanian et al. [1] gave an important review on known pyrochlore oxides by that
time. As stated there, these compounds provide great flexibility in chemical substitution
at all A, B and O sites, given the appropriate A and B ionic radius and charge neutrality
are satisfied. Because B element can be a transition metal with variable oxidation states
or a late-transition metal element, A element can be a rare earth or an element with inert
lone-pair of electrons, the electrical properties of whole family range from highly
insulating, through semiconducting, to metallic behavior, with a few examples of metalto-insulator transitions (MIT). Investigations of MIT in the phase diagrams lead to a
remarkable range of complex, and often unanticipated phenomena. For instance, many
phases where the A and B elements are present in the maximum possible oxidation state
exibit the dielectric, piezo- and ferro-electric behaviors. Significantly, superconductivity
has been found in Cd2Re2O7 [2,3,4] and other so called β-pyrochlores (“defect”
pyrochlores) AOs2O6 (A= K,Rb,Cs) [5,6,7].

1.2.1 Geometrical Frustration on Pyrochlore Lattice

From the crystallographic point of view, the general formula A2B2O7 is better written as
A2B2O6O′, denoting the oxygen on two non-equivalent sites O and O’ [8]. The ideal
3

pyrochlore contains eight formula units (88 atoms) per unit cell, and belong to space
group F d3 m (No.227). The only variable structural parameters are the lattice constant a
and the reduced coordinate of O, namely x. As shown in Figure 1.1, there are two types
of coordination polyhedral in the pyrochlore structure, which are loosely referred to as
“octahedral” (B site) and “cubic” (A site) although the conditions for the co-existence of
perfect octahedral and perfect cubic coordination cannot be simultaneously satisfied.
Specifically, the A site is eight-fold coordinated with six O and two O’ anions and
located within distorted cubes, while the smaller B cation is six-fold coordinated and
located within distorted octahedron of which the six bond lengths from the central B
cation to the corner O anion are equal.

As the coordination polyhedra around A and B sites is intimately dependent on the
specific value of x, the structure can be described in several different ways. In the present
dissertation, we treat the pyrochlore structure as formed by the interpenetrating networks
of BO6 octahedrons and A2O’ zigzag chains [9]. In this manner, the corner-sharing BO6
octahedral network becomes the robust backbone of the whole lattice, and the B-O-B
bonding length and angle hence largely underlie the physical properties of pyrochlores.
The octahedral become more regular when x approaches 0.3125. And the A cation is
linearly coordinated in the A2O’ zigzag chains. Such a description is consistent with the
fact that “defects” only happen to either A or O’ site. Certainly, this model
underestimates the contribution of A and O’ to the system, but works well for our
subjects of study.

4

Fig.1.1. Crystal structure of an ideal A2B2O6O′. The atoms of A
(red sphere), B (blue sphere), O (green bond) and O’ (black
bond) are denoted. The vacancies only happen to A and O’
sites without affecting structure stability.

5

If we remove all the coordinated oxygen anions, the remaining A and B sites individually
form two structurally identical corner-sharing tetrahedral networks, which are displaced
by just half a lattice constant from each other. Figure 1.2 (right) displays the tetrahedral
network of B sites. If the A cations are non-magnetic and the B cations are magnetic (as
most of the cases are), the B-spin magnetic couplings shall be strongly frustrated under a
nearest-neighbor Antiferromagnetic (AFM) exchange interaction. As a result, the system
shall have a highly degenerate ground state and non-trivial residual entropy at low
temperature. Furthermore, the relief of such degeneracy, through either structural
deformation or introducing higher order (non-frustrating) exchange interaction(s) [10],
gives rise to a wide variety of exotic phenomena, e.g., the cooperative paramagnetism
(PM) in Tb2Ti2O7 [11], the partially ordered, non-collinear AFM in Gd2Ti2O7 [12], and
the dipolar “spin ice” state in (Ho/Dy)2Ti2O7 [13,14].

1.2.2 The Interplay between Localized and Itinerant Moments

Recently, the interplay between itinerant and local moments in geometrically frustrated
systems has become a rapidly emerging theme in condensed matter physics. However,
the role of frustration is still less straightforward on the itinerant side, despite the
observed heavy Fermion behavior in LiV2O4 (the V ions forms a pyrochlore lattice) [15],
anomalous Hall effect in Nd2MO’O7 [16], colossal magnetoresistance effect in Tl2Mn2O7
[17], “Slater” transition in Cd2Os2O7 [18] and superconductivity in Cd2Re2O7, which is
claimed to be the first one among hundreds known TMO pyrochlores [2,3,4].

6

Fig.1.2. The corner-shared BO6 octahedral network and tetrahedral 3-D Bnetwork. The corner-shared BO6 octahedral network (left) and 3-D
tetrahedral network of B cations (right). The B-tetrahedra gives rise to the
geometrical frustration, provided the AFM coupling among the localized
moments on B-site (blue sphere).

Experimentally, pyrochlore transition metal oxides with the general formula A2B2O7 are
among the most promising materials in which to access and explore this problem.
Pyrochlores with the magnetic ions on the B sites are especially promising because these
compounds can be tuned from good metals to Mott insulators (or more generally, metal
to insulator) by carefully controlling their composition.

The concept of geometrical frustration was originally introduced for Ising
antiferromagnets [19], and can be generalized to quantum magnets and Mott-localized

7

spin-orbital system with “antiferro”-type of interaction. Generally speaking, frustration
inhibits the simple two-sublattice ordering (e.g., AFM), forcing the system to adopt either
multi-sublattice (e.g., co-linear) ordering, or spin and/or orbital liquid ground states. And,
one can intuitively argue that it should be involved with the suppression of kinetic energy
by destructive interference, and the resultant enhanced interactions. Weak coupling
density wave phases tend to be eliminated and local correlation effects, such like mass
enhancement and the opening of a spin gap presumably, dominate [20,21].

1.2.3 Categorization of A2B2O7 and Cd2M2O7 (M=5+)

There are two major classes of 4d/5d pyrochlores A3+2B4+2O7 and A2+2B5+2O7 defined by
the oxidation state of the A and B cations and denoted as (3+,4+) and (2+,5+),
respectively. The (3+,4+) materials typically have a lanthanide at the A site and tend
toward metallic or insulating behavior depending on whether the d manifold of the B
cation is partially filled or empty. In some cases, like Y2Ru2O7, Mott insulators are
formed indicating that correlation effects can be still important in these materials [22-25].
Insulating (3+,4+) materials have been studied intensively in the past in the context of
geometrically frustrated magnetism, with [26-32]. In Figure 1.3, we use different color
circles to denote some known (3+,4+) and (2+,5+) compounds. Comparing with large
number of known (2+,5+) compounds, smaller number of compounds belong to the
subcategory (2+,5+) due to fewer suitable number of A2+ and B5+ cations. The (2+,5+)
pyrochlores usually have a large divalent cation on the A site such as Cd, Hg, Ca, Sr, Mn,

8

Fig.1.3. Two main categories of A3+2B4+2O7 and A2+2B5+2O7 on the periodical
table. They are A3+2B4+2O7 and A2+2B5+2O7, denoted by different colored circles
on the periodical table.
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Sn, or Pb, and a smaller second or third row transition metal ion on the B site such as V,
Nb, Ru, Ta, Re, Os, Rh, Ir, Pt or Sb.

Most of the work has so far concentrated on the Cd2M2O7 class of materials, where M5+ =
Nb, Ta, Re, Ru, and Os [9, 33, 34, 35, 36]. Insulating behavior is found for Nb5+ (4d0)
and Ta5+ (5d0), as would be expected for a material with no d electrons in its t2g manifold.
Metallic behavior is observed, however, when M5+ = Ru5+ (4d3) and Re5+ (5d2). For M5+
= Os5+ (5d3) metallic behavior is observed at room temperature, with an abrupt transition
to an insulating state below 226 K. The physical properties of all of these materials are
interesting. Cd2Nb2O7 is a complex ferroelectric that undergoes a series of closely spaced
transitions [9]. Cd2Ta2O7 is a paraelectric that undergoes a first-order structural phase
transition at 204 K that has yet to be fully characterized [33]. Cd2Ru2O7 is a high-pressure
phase that displays as yet unexplained anomalies in its resistivity and thermal expansion
coefficient [35].

Late studies have revealed two exotic and unprecedented phase transitions near room
temperature on 5d neighbors Cd2Os2O7 [18] and Cd2Re2O7 [37] and a superconductivity
transition on the later one [2,3,4]. It is not yet clear whether geometric frustration or
some other property inherent in the pyrochlore lattice is responsible for these novel phase
transitions (as well as the rarity of superconductivity)— indeed, it is one of the goals of
present dissertation to clarify the fundamental instabilities in these materials. At least,
there is simply no other class of materials that display similar transitions, and there is
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every reason to believe that new theoretical ideas will be needed to understand the
physics.

1.3. Earlier Works on Cd2Os2O7

The synthesis and initial characterization of Cd2Os2O7 were reported by Sleight, et al. in
1974 [36], but no other papers on this material appeared until Mandrus et al. reported a
detailed characterization of the metal-insulator transition (MIT) in this material in 2001
[18]. The resistivity of Cd2Os2O7 is plotted in Figure 1.4. The resistivity is practically
independent of temperature between 226 K and 750 K, but increases 3 orders of
magnitude as the sample is cooled below 226 K. No thermal hysteresis was observed in
the resistivity, consistent with a continuous phase transition. Further evidence that the
transition is continuous is provided by specific heat measurements and the absence of any
anomaly in the behavior of the lattice parameter vs. temperature.

Concomitant with the MIT (strictly speaking, bare metal above 226 K as resistivity is in
order of mΩcm), there is a magnetic transition that is presumably AFM, although this has
yet to be verified with neutron scattering. The susceptibility of Cd2Os2O7 is shown in
Figure 1.5.

It is difficult to imagine that Cd2Os2O7 is simply a local-moment

antiferromagnet. In the first place, magnetically ordered Os compounds are extremely
rare and 4d/5d materials generally have low ordering temperatures.

Second, the

geometric frustration inherent in the pyrochlore lattice inhibits AFM ordering.
Theoretically, for AFM nearest-neighbor interactions, no long-range order is predicted in
11

Fig.1.4. Temperature dependence of resistivity on two
Cd2Os2O7 single crystals (from reference [18]).

Fig.1.5. The effective susceptibility (M/H) obtained on single and
polycrystalline Cd2Os2O7 samples. It is measured under zero-fieldcooled conditions with an applied field of 20 kOe. Data from Ref. 10
obtained under un-specified conditions are also plotted (from reference
[18]).
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the absence of further-neighbor interactions [37]. Given all this a Néel temperature of
226 K is remarkably high and demands further explanation.

The most straightforward explanation of the MIT was provided by Slater in what is
known as a split-band model of AFM [38, 39]. In this model, the exchange field favors
“up” spins on one sublattice and “down” spins on another sublattice and for large U/W
reduces to the atomic model of an AFM insulator with a local moment on each site. The
basic idea is that the AFM doubles the unit cell and a half-filled metallic band becomes a
filled insulating band. In Os5+ (5d3), the t2g manifold is half-filled. The neutron scattering
is under preparing.

The thermodynamics of the metal-insulator transition predicted by Slater’s model were
worked out in mean field approximation by Matsubara and Yokota [40] and by Des
Cloizeaux [41]. In both treatments a continuous metal-insulator transition was predicted,
with a semiconducting gap opening much the way a BCS gap opens in a superconductor.
These results have, of course, been largely supplanted by modern spin density wave
(SDW) theory [42], but it must be remembered that SDW theory is unambiguously
effective only in the weak-coupling limit. For example, at half-filling it should be
possible to proceed smoothly from a weak coupling SDW state to a Mott insulating state
as U/W is increased. Although strong coupling SDW theory gets some of the aspects of
the Mott insulating state right, it is wrong in other respects and must be regarded as an
incomplete description.
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One of the major failings of strong coupling SDW theory is that the gap is predicted to
disappear above the Néel temperature, whereas in true Mott insulators like CoO the gap
persists despite the loss of long-range magnetic order. In such materials a Mott-Hubbard
description is clearly correct, but when the metal-insulator transition temperature and the
Néel temperature coincide one should give careful thought as to whether a Mott-Hubbard
or a Slater description is most appropriate. In such cases the thermodynamics of the MIT
can provide valuable information about the underlying mechanism, because a Mott
transition is expected to be discontinuous (first-order) whereas a Slater transition should
be continuous [43]. Experimentally, all of the temperature-driven MITs that have been
studied in detail (e.g., VO’, V2O3 ,Fe3O4, NiS, NiS2-xSex, PrNiO3) have been found to be
discontinuous [44], and this explains-at least in part-why the effects of magnetic ordering
on the MIT have been largely discounted in these materials compared to the effects of the
Coulomb interaction. In Cd2Os2O7, on the other hand, the MIT is continuous and
coincides with the Néel temperature, thereby giving strong support to the Slater scenario.

In a Slater picture of a MIT, we expect the resistivity to follow an expression of the form
ρ = ρ0 exp (∆/T) as has been found for quasi-1d SDW materials [45]. We also expect
that the temperature dependence of a Slater insulating gap will behave in much the same
way as a BCS gap. In Figure 1.6, we show the temperature dependence of the activation
energy, ∆, calculated from the experimental resistivity using ∆ = Tln (ρ/ρ0). Here ρ0 is
the resistivity just above the transition. Also in Figure 1.7, we plot a BCS gap function
(∆ = 750 K) for comparison. As is clear from the figure, the resistivity is consistent with
a Slater picture at least for temperatures close to the transition. At lower temperatures the
14

Fig.1.6. Activation energy vs. temperature calculated for a single-crystal and a
polycrystalline sample of Cd2Os2O7. The activation energy was calculated by
assuming ∆ = Tln (ρ/ρ0) and a BCS gap function ∆(0)= 750 K is also plotted
for comparison. See reference [18] for more details.

Fig.1.7. Real part of the optical conductivity of Cd2Os2O7 single crystal as
obtained by Kramers-Kronig analysis. A gap can be seen to develop
continuously as the temperature is reduced. The reduction in spectral weight
occurring in the infrared region is compensated by a shift to higher energies
(from reference [46]).
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influence of extrinsic conduction mechanisms becomes increasingly important and masks
the intrinsic behavior.

Later on, in collaboration between UT, ORNL, and UCSD, the optical conductivity of
Cd2Os2O7 single crystals was determined [46] (Figure 1.7). Two remarkable results are
apparent. The first is that the charge gap develops just as implied by the above analysis
of the resistivity (2∆ ≈ 1000 cm-1≈ 1500 K). The second is that one phonon stiffens
slightly as the sample is cooled below TMIT and appears to track the transition. Although
it is not surprising that a change of 3 orders of magnitude in the resistivity will affect the
phonon spectrum, it is surprising that only 1 phonon seems to be affected. A detailed
understanding of this phenomenon may yield important clues into the mechanism of the
MIT in Cd2Os2O7. Finally, we note that 2∆ ≈ 1500 K ≈ 6.6 kBTC. This is considerably
higher than the 2∆ ≈ 3.5 kBTC predicted from weak coupling SDW theory, but,
intriguingly, quite similar to the (2∆/kBTC) values found in cuprate superconductors.

1.4 Band Structure calculations on Cd2Os2O7 and Cd2Re2O7

In many ways, Cd2Os2O7 and Cd2Re2O7 shed invaluable light on how the geometrically
frustrated system evolves as the moments become itinerant. Due to the extended 5d
orbital (of B cation), they both fall in the moderately correlated regime “U~W” (“MottHubbard” model), where U is the intra-atomic Coulomb repulsion at B site and W is the
bandwidth. The Os5+ in Cd2Os2O7 has an electronic configuration of 5d3, i.e., half-filled
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t2g manifold, suggesting a Mott-Hubbard type of metal-insulator transition (MIT).
Cd2Os2O7 undergoes a unique continuous MIT (i.e., “Slater” transition) at 226 K and
adopts an excitonic insulating ground state [18], with the lattice playing no discernible
role in the transition. Noting that most Os4+ compounds are metallic, Cd2Os2O7 hence
exemplifies the appreciable correlation effect even among the 5d electrons. Given the
identical room temperature structure and one lesser 5d electron on B-site, Cd2Re2O7
adopts radically different behavior: it undergoes a second–order metal-metal transition at
T*~200 K [37], a weak first-order one at T’~120 K involved with the rearrangement of
Fermi surface [47] and a superconductivity transition at Tc~1 K [2,3,4]. Because the
concomitant structural change is trivial to solely underlie the remarkable change in
physical properties [34,45], the inherent instability in its electronic structure and the
coupling with other degrees of freedom (e.g., phonon) are believed to be crucial.

Singh et al. carried out electronic band structure calculations on Cd2Os2O7 and Cd2Re2O7,
within the local density approximation (LDA) and generalized gradient approximation
(CGA), using the general potential linearized augmented plane-wave (LAPW) method
including spin orbit [49]. It is risky to apply LDA in the probably correlated electron
system, nonetheless, the calculation itself provides useful information. They find that
spin-orbit couplings are significant due to the presence of heavy elements in the structure,
and can be taken into account by the usual second variational approach. In Figure 1.8, we
display the LDA paramagnetic band structure of Cd2Os2O7 (left) and Cd2Re2O7 (right)
near EF; and Figure 1.9 shows the correspondent electronic density of states of Cd2Os2O7
(left) and Cd2Re2O7 (right) for the t2g manifold on a per unit cell basis.
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Fig.1.8. The LDA paramagnetic band structure of Cd2Os2O7 (left) and
Cd2Re2O7 (right) near EF. The spin-orbit coupling is included via a second
variational step. The horizontal reference denotes EF (from reference [49]).

Fig.1.9. The LDA paramagnetic electronic density of states of Cd2Os2O7 (left)
and Cd2Re2O7 (right) near EF. Based on the t2g on a per unit cell basis (four Os
or four Re atoms). Spin-orbit coupling is included. (From reference [49]).
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Band structure calculations on Cd2Os2O7 and Cd2Re2O7 show a considerable sensitivity
of the electronic structure near EF to spin-orbit interactions. Both materials show
compensated semi-metallic band structures with heavy bands near EF. Cd2Re2O7 has
heavy-hole bands near the zone boundary and relatively light electron pockets around G
(zone boundary), while the electronic structure of Cd2Os2O7 is dominated by heavy bands
for both the holes and electrons. However, the specific-heat enhancement in Cd2Os2O7 is
apparently quite small, while that in Cd2Re2O7 is estimated to be around 2.4, leaving little
room for electron-phonon interactions or simple many electron effects in the former.
Furthermore, while Cd2Os2O7 is at least near AFM in the GGA, neither compound shows
a clear proximity to magnetism in the LSDA, which may be a more reasonable
approximation for 5d compounds. There are no clear nesting features in the band
structures that would suggest spin- or charge-density wave Fermi-surface instabilities (at
least from those highly symmetric direction). It is tempting to speculate that the metalinsulator transition in Cd2Os2O7 and the 200 K transition in Cd2Re2O7 are related to some
common feature in their electronic structures. In this regard, we note that although they
have different electron counts, both compounds have semi metallic band structures each
with nominally equal numbers of holes and electrons dominated by very heavy bands.
This is suggestive of an excitonic instability of the Fermi surface of the type proposed by
Mott [50] and reviewed by Halperin and Rice [51]. The theory in its simplest form
involves pairing between electrons on one sheet of Fermi surface and holes on another.
Conditions that favor such a state are (i) heavy band masses, (ii) low carrier densities, and
(iii) similar topology of Fermi surfaces, although the latter condition can sometimes be
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relaxed as discussed in reference [49]. Such instability is purely electronic, and in
contrast to, e.g., a charge-density wave need not be
coupled significantly to lattice degrees of freedom. The excitonic state may be either
singlet, or triplet. Furthermore, it can coexist with superconductivity [53-55] or band
ferromagnetism [56-58], provided that there are excess carriers. While such a transition is
due to electron correlations, it is not associated with an on-site Hubbard-like Coulomb
repulsion, but rather k-dependent correlations near EF.

The general phenomenology of an excitonic metal insulator transition would seem to fit
experimental knowledge and the above band-structure results for Cd2Os2O7, especially
for triplet pairing [59]. The key parameters determining whether such a state can be
formed are the exciton binding energy and the degree to which the size and shape of the
electron and hole Fermi surfaces match in k as compared to the inverse size of an exciton.
We cannot assess these as we do have the effective dielectric screening. However, we
note that the very heavy bands should help to produce small excitons and favor this
possibility. The situation in Cd2Re2O7 is similar. However, in this material the T*~ 200 K
transition is between two metallic states. Within the excitonic scenario the metallic
conduction below 200 K and the superconductivity depend on the existence of non-paired
carriers below the transition. These could be provided by, e.g., slight off stoichiometry,
which may perhaps be anticipated from the unusual Re valence. This doping could be
sample dependent providing an explanation of the very different dρ/dT and the different
superconducting transition Tc reported above [2,3,4]. We emphasize that the above
discussion of excitonic states in Cd2Os2O7 and Cd2Re2O7 is speculative. However, if it is
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so, these materials will be interesting novel tests of many-body theories of excitonic
phases, including superconductivity, possible triplet pairing, and the presence of strong
spin-orbit interactions.

1.5 Early Works on Cd2Re2O7

Although Cd2Re2O7 was first synthesized in 1965 [33], its physical properties remained
unstudied until 2001 apart from a report on its low temperature heat capacity in 1979
[60]. Then, in 2001, superconductivity was discovered practically simultaneously by two
Japanese groups [2,4] followed quickly by a detailed characterization of the
superconductivity by our group in collaboration with the Crow group and the Fisk group
at the NHMFL [3]. Later on, we reported on some of the unusual normal state properties
of Cd2Re2O7, particularly the coupled electronic-structural transition near 200 K [37].

Despite the fact that Cd2Re2O7 is the first ever known pyrochlore superconductor, and
that superconductivity develops at low temperature (TC~1 K) from a moderately
correlated Fermi liquid much like Sr2RuO4, the results so far indicate that Cd2Re2O7 is
most likely a BCS superconductor. The size of the specific heat jump is ∆Cp/γTC = 1.29,
close to the BCS prediction of 1.43, and the temperature dependence of Cp between 0.5 K
and TC is also in accord with BCS predictions [3]. Moreover, recent muon experiments
indicate that the penetration depth saturates below 400 mK with a (surprisingly large)
value of penetration depth λ ≈ 7500 Å, indicating a nodeless superconducting energy gap
(most likely s-wave) [61].
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This is a good starting point to initiate a comprehensive experimental and theoretical
investigation on Cd2Re2O7. The state-of-art crystal growth facilities, physical properties
characterization capability/expertise at UT/ORNL, as well as our intimate collaborations
with a number of active groups in the States and Europe, are used to advantage here,
making the motivation and strategy of present thesis fairly dynamic. We would expect the
(unexpected) novel phenomena adjusts the motivation and in-depth approach themselves
in practice, and vice versa. The following chapters on the crystal growth and
stoichioemtry, superconductivity, electron phase diagram (normal state characterizations,
optical conductivity and pressure-dependence study), structure variation, metallic
ferroelectricity, an ionic fluctuation model proposed for 200 K transition etc., form a upto-date, though yet complete, coherent understanding on this compound.

As most experimental and theoretical details shall be given in the following chapters, I
would like to acknowledge our collaborators here, partly exhibiting the breadth and depth
of present study. To name a few, J. R. Thompson for magnetic characterizations at
UTK/ORNL, R. Williams from ORNL for high pressure oxygen annealing experiments;
L. Castellan J.J. McGuire and B. Gaulin from McMaster University for X-ray diffraction;
M. Lumsden from ORNL and R.F. Kiefl from UBC, Canada for Muon Spin Resonance
measurement; C. Kienziora from Naval Research Laboratory (NRL) for Raman
spectroscopy; D. Singh from NRL for the first principles calculations; J. Zhang and C. Lu
from Florida International University for Scanning Tunneling Microscopy and
Photoemission measurement; C. Rawn, M. Lumsden and S. Nagler from ORNL, J.
Gardner from NIST, C. Wilsion and M. Guttman from ISIS,UK for X-ray/Neutron
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Scattering and data analysis; N.L. Wang and T. Timusk from McMaster University for
Optical Conductivity Measurement; V. Keppens from Ole Miss./UTK for Resonant
Ultrasonic Spectroscopy; I. Sergienko, S.H Curnoe from Memorial University of
Newfoundland for Landau and group theory analysis on phase transitions; L. Balicas, Z.
Fisk and J. Crow from National High Magnetic Field laboratory for help on ultra low
temperature and high magnetic field measurements; G. Clark from UCLA for Nuclear
Magnetic Resonance measurement; N. Barisic R, Gaal and L. Forró from ETH,
Lausanne, Switzerland for pressure-dependence study; G. Ownby, A. Bardoff and L.
Walker from ORNL for X-ray Photoelectron Spectroscopy and Electron MicroProbe
Analysis. Without their significant contributions, this dissertation can not be at the
present level.
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PART II
CRYSTAL GROWTH, STRUCTURE AND
STOICHIOMETRY
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2.1 Introduction

Despite a body of studies on Cd2Re2O7 [1-15], little is known about its stoichiometry
[16], so is it even after the late discovery of superconductivity. With two non-equivalent
oxygen sites O (48f) and O’ (8b) in pyrochlore structure (space group F d3 m), the
system can conditionally tolerate a range of vacancies at Cd (16d) site and/or O’ (8b) site
without losing stability [1]. Our electron microprobe analysis (EMPA) measurement
indicated the Cd:Re ratio is 1.00±0.02 in the bulk and on the surface, within and among
specimens. Moreover, the occupancy refinement on x-ray diffraction data did not reveal
any appreciable deviation from the Cd/Re stoichiometry. The non-stoichiometry, if any,
must refer to oxygen and of significance for the rare superconductivity happened on this
compound [2]. As a matter of fact, the oxygen deficiency is not rare among the TMO
pyrochlores grown by vapor transport. Equally interesting, Re shall have an average
valence state 5+ if oxygen is, otherwise, stoichiometric. To our best knowledge, Re5+ is
rare among the binary and ternary oxides (instead, Re4+ and Re6+ are the more stable
entities) [17], there is hence an inherent possibility of the mixed-valence state or charge
density fluctuation. The above discussion alone necessitates a new comprehensive study
on Cd2Re2O7, with regard to its crystal growth, structure, crystal chemistry and their
correlation as well.
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2.2 Crystal Growth

Single crystals of Cd2Re2O7 were grown using a vapor transport technique. Appropriate
amount of starting materials Cd (>99.9%) and Re2O7 (99.99%) was sealed in an
evacuated silica tube (< 100 mTorr), heated at 950 °C for 3-5 days in a Lindberg/Blue
tube furnace (Model TF 53055A), cooled down to 600 °C at a rate of 1-5 °C/minute; then
held at 600 °C for 1-2 days before quenched in the air. Another chemically equivalent
recipe was also carried on, using CdO (99.9%), Re (99.99%) and ReO3 (>99%) and
heating at 800 °C for 3 days instead. The large temperature gradient (>30 °C/cm) and
proper tube thickness (~2 mm) were found important to produce large single crystals. A
brief summary of recipes, results and short comments is listed in Table 2.1. The final
products appeared as purple shiny polyhedrons, in typical dimension of 5×5×5 mm3,
formed at the cold end of silica tube. Figure 2.1 shows one large single crystal obtained in
present study, Laué and X-ray powder proved its single crystalline nature.

2.3 Crystal Structure above T*

Single crystal X-ray diffraction measurements on Cd2Re2O7 were performed at T=293 K
using an Enraf-Nonius CAD4-F autodiffractometer using Mo Kα radiation (λmean =
0.71073 Å). Twenty-five randomly selected and accurately centered reflections were used
in least-squares refinements to obtain the orientation matrix and lattice parameters. The
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Table.2.1. A brief summary of the growth conditions, results and short remarks.
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Fig.2.1. A Picture of Cd2Re2O7 single crystal, a Laué photograph on its (100) plane and
the X-ray powder diffraction pattern A color picture of Cd2Re2O7 single crystal
grown in present study, with the number “2000” clearly mirrored on one facet.
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refined cell parameter was 10.2244(6) Å, which is in fairly good agreement with the
previously reported lattice parameter 10.219 Å [16]. The data sets were collected using
systematic absences consistent with an F-centered cell (hkl: h+k, h+l, k+l = 2n+l), as the
room temperature structure is well known of pyrochlore. The initial locations of the metal
ions were determined by the Patterson heavy-atom method, and the remaining atom
positions were revealed by Fourier mapping using the SHELXL97 [18] program. All data
were corrected for Lorentz and polarization factors as well as applying a semi-empirical
absorption correction from ψ-scans using the XEMP program within the SHELXTL
package [19].

Synchrotron X-ray powder diffraction data were collected at T= 293 K, at beam line
X14a at National Synchrotron Light Sources (NSLS) using a wavelength of 0.7271 Å,
calibrated by the LaB6 standard, as shown in main panel of Figure 2.2. Rietveld
refinements were made using GSAS [20] with two phases, pyrochlore Cd2Re2O7 and
ReO2 (i.e., the inclusion that we shall discuss in section 2.4.1). The results, which are in
good agreement with those obtained from single crystal diffraction, are listed in Table
2.2.

Structural parameters for the minor second phase ReO2 were taken from the

inorganic crystal structure database, and only its lattice parameters were refined (Pbcn, a
= 4.8082(2) Å, b = 5.6423(2) Å, c = 4.5996(1) Å). A surface roughness absorption
correction was refined, and a pseudo-voigt peak shape function was used.
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Fig.2.2. Synchrotron X-ray powder diffraction pattern on Cd2Re2O7 specimen
taken at T = 293 K, with ~ 2.8% weight ReO2 inclusion. The inset shows an
enlarged low-angle portion where the peaks from ReO2 are indexed. The upper
set of reflection markers is for ReO2 and lower one for Cd2Re2O7 Pyrochlore
structure in both the main panel and the inset.
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Table 2.2. The Rietveld refinement results on synchrotron X-ray
and neutron powder (on 114Cd enriched sample) diffraction data.
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The refined oxygen position, 0.3184(7), is slightly higher than the value of 0.3125, which
gives the maximum nearest-neighbor anion separation and regular ReO6 octahedral for
the ideal pyrochlore structure [21]. The value is also notably higher than the originally
reported value 0.3089 [16] but consistent with a recent report [9]. The ReO6 octahedron
has a slight trigonal distortion, being compressed along the 3-fold axis of the tetrahedral
Re cluster. The trigonal distortion of the ReO6 octahedron can be quantified by the bond
angle variance, σ = ∑i
2

12

(θ i − 90)2
11

= 6.02 deg2, where θi are the adjacent O-Re-O bond

angles of the octahedron. The Cd atom has six equatorial O neighbors at 2.592 Å and
two axial O’ neighbors at 2.2138 Å. The occupancy refinement on all sites did not reveal
any statistically significant deviation from the stoichiometry, however, the insensitivity of
X-ray to oxygen still leaves some room for the non-stoichiometry of oxygen.

2.4 Crystal Chemistry

2.4.1 Inclusion

High-resolution synchrotron X-ray powder diffraction revealed a small portion (~ 2.85%
in weight) of ReO2 inclusion on specimens from some early growths, as shown in Fig. 2
and inset. Its presence was also confirmed by Scanning Electron Microscope (SEM) and
Energy Dispersive X-ray (EDX) spectroscopy. The ellipsoid-like ReO2 inclusions
randomly distribute in the bulk, in dimension of few µm and without preferential

37

orientation, as shown in Fig. 2.3(a). EDX technique helps distinguish inclusions from
other alike surface roughness by the appreciably lower intensity ratio of Cd:Re on the
inclusion spot.

After tens of trial growths, the optimization of recipe effectively minimized the formation
of ReO2 inclusion. The main measures include: (1) The Cd ratio in the starting material is
slightly more than stoichiometry; (2) The growth temperature is set at 950°C, a
compromise between the adequate temperature gradient and minimization of inclusion;
(3) The starting material is quickly heated up to the setting growth temperature, at a
ramping rate > +10 °C/minute. As displayed in Fig. 2.3 and Fig.2.4, the significant
change in the surface morphology, temperature dependence of resistivity ρ(T) and that of
magnetic susceptibility χ(T), in presence and absence of detectable inclusion, justifies the
necessity and effectiveness of these measures. First, the resistivity at 300 K and 2 K
individually decreased from 510 µΩcm to 406 µΩcm and 84 µΩcm to 17 µΩcm, upon
the minimization of inclusion. The ratio of residual resistivity (RRR) was accordingly
improved from 6.0 to 23.9. Meanwhile, the characteristic temperature T* practically did
not shift. In magnetic susceptibility, a Curie tail below 50K was noted with the presence
of inclusion and suppressed upon the minimization of inclusion. However, ReO2
inclusion is known metallic down to 5K and should have a temperature-independent Pauli
paramagnetic behavior [22], the origin of Curie tail remains a puzzle.
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Fig.2.3. SEM pictures on the representative as grown surface of two crystal
samples, with and without ReO2 inclusion (left and right). After applying relevant
measures, there is no detectable inclusion. The black arrows denote the inclusions.
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Fig.2.4. Temperature (T) dependence of DC electrical resistivity (ρ) and DC
magnetic susceptibility (χ) between 2K – 300 K, with and without inclusion. The
temperature dependence of (a) DC electrical resistivity and (b) DC magnetic
susceptibility (H = 1 Tesla) between 2 K-300 K. They are shown in presence of
inclusion (solid line) and without visible inclusion (dotted line). The origin of Curie
tail in (b) is yet clear.

40

2.4.2 Stoichiometry/Homogeneity of Oxygen

There are several hints on the non-Stoichiometry and/or inhomogeneity of oxygen on
Cd2Re2O7. (1) As the titration and high-pressure oxygen annealing experiments were
unsuccessful, the redox reactions were instead carried out: Cd2Re2O7 + Zr (excess) → Cd
+ Re + ZrO2. The Zr foil and fine ground crystal powder were kept separately under 700
°C and 900 °C in vacuum, a “cold trap” at ~ 500 °C was managed in between to collect
the decomposed Cd and Re. By measuring the mass change of foil, we deduced the
oxygen composition was in a range from 6.80 ± 0.26 to 7.11 ± 0.19 for specimens from
different growths. Though susceptible to large systematic error, it nevertheless pointed
out the discrepancy in oxygen composition among specimens. (2) While the bulk-wise
specific heat and magnetic susceptibility measurements gave the consistent
superconducting transition temperature Tc~1 K, the more surface-sensitive resistivity
measurements lead to more scattered but systematically higher Tc values [7,8,9]. It is hard
to image such a situation without assuming the surface is compositionally and/or even
structurally different from the bulk, and the surface phase has higher Tc. Since we did not
detect the trace of second phase in the specific heat and susceptibility measurements
[7,8,9], we would expect the surface phase must be small in volume.

2.4.2.1 Composition on Surface

To clarify the suggested surface specialty, we carried out the surface-sensitive X-ray
Photoelectron Spectroscopy (XPS) measurement. As any anomaly in oxygen composition
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would affect the valence state(s) of Re, we hereafter monitor the variation of core-level
Re 4f7/2-4f5/2 doublets, with respect to the depth, incident/emission angle and temperature.
First and informatively, an oxygen-rich layer of a few tens of Å was detected on the as
grown surface, with elemental ratio differing from that of the bulk. The destructive depth
profile down to few µm was then mapped, using Ar sputtering to etch the surface in a
step of about a few tenth µm. The only significant change in XPS spectrum took place
right after the first time sputtering, apparently from the removal of that oxygen-rich layer.
Second, the XPS spectrum was found insensitive to the incident/emission angle (after
removal of that oxygen-rich layer), which indicated the absence of appreciable surface
component within the penetration depth (~100 Å). Third, lowering the temperature down
to 98K only enhanced the intensity by ~10% without significantly changing the spectrum
weight, so we would expect the variation of the valence state(s) of Re, if any, is small
with lowering temperature. Figure 2.5 (upper) presents the XPS pattern taken at 98K and
300K, respectively.

Using the conventional Doniach-Sunjic line shape, we further deconvolved the 300 K
pattern into one major component “A” and a minor one “B”, individually centered at
40.1eV and 42.5eV and having distinctly different peak height and width. We could
not find any obvious correspondence to these two doublets in XPS handbook, either by
their peak positions or the energetic spacing [22]; at least, they are not the usual Re4+ or
Re6+ ion under octahedral coordination of oxygen. Irrespective of the details, the optimal
fitting simply requires the peak width of “A” is about half of “B”, as shown in Figure 2.5
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Fig.2.5. X-ray Photoelectron Spectroscopy (XPS) pattern of Re 4f7/2 -4f5/2
doublets taken at T = 98K and 300 K, and the deconvoluted 300 K pattern.
(upper) The X-ray Photoelectron Spectroscopy pattern of Re 4f7/2 -4f5/2 doublets
taken at T = 98 K and 300 K. (bottom) The 300 K pattern is deconvoluted into a
major component “A” and a minor one “B”, with distinct peak height and width.
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(bottom). The different peak width implies distinct electronic environment for “A” and
“B”, which is hard to reconcile with the fact that Re adopts only one crystallographic site
above T* (Table 2.2 and section 2.3). Therefore, we conclude “A” is from a real but
unusual valence state, while “B” is either the energy loss spectrum or shake-up excitation
(easy to occur for the paramagnetic states of all Re ions except Re7+ [22]) of “A”.
Leaving that oxygen-rich top layer aside, Re ion adopts an unusual mono-valence state in
the bulk above T*. In other words, oxygen is homogeneous in bulk. Unfortunately, the
complex topology of specimen surface, uneven removal of elements by Ar sputtering and
the yet clear low temperature structure preclude further analysis.

2.4.2.2 Composition in Bulk

On the bulk side, Electronic Probe MicroAnalysis (EPMA) was independently carried out
on the specimens from those growths tested in the redox reactions, using a JEOL JXA8200 WD/ED microprobe analyzer. Specimens were cut, polished and embedded in
epoxy (no orientation was considered at this stage) such that the cross-section of crystal
was exposed and compositionally profiled. All the intensities were calibrated by ZAF
algorithm and renormalized to atomic percentages. For a more accurate determination of
oxygen, a synthesized LDE-1 crystal was specifically installed as the wavelength
analyzer: the K-line intensity was recorded and compared with the reference Cd2Ta2O7 so
that the oxygen content could be determined within a relative accuracy < ± 5%. The
compositional profile was measured at a spacing of 2 µm crossing the facet, sampling 60100 points on each specimen. All EPMA data and compositional images again confirmed
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Fig.2.6. SEM image and compositional picture on cross-section of a
specimen Cd2Re2±

0.04O6.77± 0.18.

114

Cd enriched

(left) The SEM image and (right) compositional

picture on the cross-section of a

114

Cd enriched specimen Cd2Re2±0.04O6.77±0.18, on

which neutron scattering refinement gives Cd2Re2O6.86±0.03. The gray scale reflects the
compositional variation.

the overall compositional homogeneity and a finite oxygen deficiency, ranging from 6.77
± 0.18 to 6.99 ± 0.19. We did not detect that oxygen-rich layer found by XPS, probably
due to the rougher spatial scale. However, the appreciable deviations from average
compositional ratio mostly happen at the margin (i.e., surface part of specimen) and to all
three elements. Fig. 2.6 displays the SEM (left) and compositional pictures (right) on the
same crystal (114Cd enriched): Cd2.00Re2.00±0.04O6.77±0.18. As the gray scale shows, the
composition is homogeneous at µm-level over the whole cross-section, except for some
roughness and scratches caused by pre-processing.
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2.4.2.3 Neutron Powder Diffraction

If the oxygen deficiency in bulk is large as quantified above, it shall be easily clarified by
neutron scattering. For this purpose, we grew isotope-enriched (114Cd, 98.5% richness)
Cd2Re2O7 single crystal to avoid the strong thermal neutron capture by

109

Cd and

113

Cd.

The recipe is the optimal one so the formation of inclusion is minimized. The neutron
powder diffraction was carried out at 250 K using the neutron diffractometer C2 at
National Research Council, Chalk River Laboratory in Canada. Based on the structure
already determined by x-ray scattering (Table 2.2) and the neutron diffraction pattern
between 2θ = 4 °- 114 °, we refined the crystal structure, including the oxygen
occupancy, using General Structure Analysis Software (GSAS) [20]. The reflections from
the Aluminum container were pre-excluded and the absorption correction was also
applied. The refinement gave an oxygen deficiency of 0.14 ± 0.03 solely on O’ site and
no deviation from stoichiometry on all other sites at 250 K. Impressively, EMPA gave a
consistent composition: Cd2.00Re2.00±

0.04O6.77± 0.18

on the crystal from the same growth

(see Fig. 6(a) and (b)). The experimental data and refinement are presented in Figure 2.7;
the refined structural parameters are listed in Table 2.2.

The pyrochlore structure can be regarded as a corner-shared Re2-O6 octahedron network
interpenetrated by the Cd2-O’ chains, where the interaction between the network and
chains was found weak [1]. It partly explains why (1) vacancies on A and O’ sites are not
so essential for the structural stability; and (2) most normal state properties are found
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Fig.2.7. The neutron powder diffraction pattern on

114

Cd (98.5% richness)-

enriched Cd2Re2O7 specimen taken at T = 250 K and a picture of
isotopically enriched single crystal. The reflections from Al specimen
container are pre-excluded before refinement. The measured pattern (cross),
calculated one from refined structure parameters (solid line), and difference
(in the lower set) are displayed. The refined structural parameters are listed
in Table 2.2. We also display an isotopically enriched single crystal picture
at the upper corner.
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insensitive to the deficiency. Nevertheless, the oxygen deficiency on O’ site has a more
straightforward coordination-wise effect on Cd ion, which is each coordinated by six O
and two O’ sites. The appreciable deficiency exposes Cd to each other across the O’
vacancy and the resulting electrostatic repulsion, more or less, tends to destabilize the
pyrochlore structure [1].

2.5 Correlation in Recipe and Composition

As EMPA is justified to be reliable within its own accuracy, the SEM/EDX and EMPA
results on more than 40 comparable growths clearly indicate: (1) the oxygen composition
is in a range of 6.77±0.18 to 6.99±0.19 while the Cd/Re ratio is 1.00 ± 0.02. (2) a
qualitative correlation among the oxygen deficiency, amount of inclusion and growth
conditions. More inclusion is formed if the growth temperature is higher than 1000°C,
while the crystal with more inclusion generally has lesser oxygen deficiency; and vice
versa. In the long run, it would benefit the chemical doping and substitution on
Cd2Re2O7, at least on O’ site.
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PART III

ELECTRONIC PHASE DIAGRAM
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The superconductivity and two successive normal state phase transitions found on
Cd2Re2O7 imply a complex and subtle underlying electronic phase diagram. In present
chapter, we shall present the results from (i) transport and thermodynamic measurements,
(ii) optical conductivity and (iii) pressure-dependence study, so as to map the underlying
electronic phase diagram of Cd2Re2O7’s normal state. Novel details as many as questions
are raised on the exotic phenomena, such as scaling behavior, electron mass enhancement
and distinct pressure dependence in different temperature regimes, motivating further
investigations. Considering the length and specialty of content, we shall leave the study
on high temperature phase in Part VIII, though it is also informative on the normal state
electronic structure.

3.1 Transport and Thermodynamic Measurements: Scaling Behavior

The normal-state properties of Cd2Re2O7 are intriguing. In this section, we shall present
the resistivity ρ, magnetic susceptibility χ, specific heat Cp and Hall coefficient RH of
Cd2Re2O7 single crystals over a reasonably wide temperature range. We find that all
quantities exhibit anomalies near a characteristic temperature T* = 200 K, due to the
onset of a continuous phase transition. Electron diffraction results, which show
commensurate superlattice spots below 200 K, indicate that the lattice plays an important
role in the transition. Quantitative analysis of the experimental data leads to the discovery
of remarkable scaling relationships between d(ρT)/dT, d(χT)/dT and Cp in the T*
transition regime. These scaling relationships imply that critical fluctuations associated
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with the phase transition dominate both the electronic transport and thermodynamic
properties of Cd2Re2O7 near T*.

Shown in the main frame of Figure 3.1(a) is the temperature dependence of the dc
electrical resistivity ρ between 1.5 and 400 K, measured using a standard four-probe
technique. In general, ρ increases with increasing temperature, indicating the itinerant
nature of the electrons. However, it appears that ρ(T) behaves differently in different
temperature regimes. By plotting the data as d(ρT)/dT versus T in the inset of Figure
3.1(a), two peaks are clearly visible: one occurs at TF ~ 60 K, the other at T*~ 200 K;
besides, a minimum occurs around 125 K. Below 60 K, the resistivity has been found to
exhibit a quadratic temperature dependence [1], suggesting that the ground state of
Cd2Re2O7 is a moderately correlated Fermi liquid. The sharp peak at 200 K, caused by a
kink in ρ(T), signifies a phase transition. Above d(ρT)/dT

is positive but small,

displaying a slight increase with increasing temperature. Similar high-temperature
behavior was also observed in the related material Cd2Os2O7 [2]. It should be mentioned
that no thermal hysteresis was observed in the resistivity of Cd2Re2O7, consistent with a
continuous phase transition occurring at 200 K.

Although the metallic behavior (dρ/dT > 0) of Cd2Re2O7 was first reported in 1965 [3],
the kink in resistivity was not observed in these early measurements. Quantitatively, we
obtain ρ(300 K) = 406 µcm and a residual resistivity ρres =17 µcm [1], much lower than
those given in [3]. This suggests that scattering by defects may smear out the resistivity
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Fig.3.1. Temperature (T) dependence of the electrical resistivity ρ, specific heat Cp
and magnetic susceptibility χ of Cd2Re2O7 (<400 K). (a) Temperature dependence
of the electrical resistivity of Cd2Re2O7 between 1.5 and 400 K. The inset shows
the temperature derivative of resistivity dρ/dT versus T. (b) Specific heat vs.
temperature from 2 to 280 K. The inset shows the temperature dependence of the
anomalous component of the specific heat Cp associated with the transition. (c)
Magnetic susceptibility of Cd2Re2O7 obtained in an applied field of 1 T. The inset
shows the temperature dependence of χT (solid curve) and ρT (dashed curve)
between 160 and 400 K.
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anomaly at 200 K, so that this important feature becomes visible only in samples made
from very pure starting materials (inclusion did not smear out the T*).

The specific heat Cp of Cd2Re2O7 was measured using a commercial heat pulse
calorimeter from quantum design. As can be seen in Figure 2.1(b), Cp reveals an anomaly
peaked at T*. No latent heat or thermal hysteresis was observed in the specific heat,
consistent with a continuous phase transition. To estimate the magnitude and shape of the
specific heat anomaly, a smooth polynomial was fitted to the data from 100 K< T< 140 K
and 220 K< T < 280 K (see the dashed curve in Figure 2.1(b)). This results in a specific
heat jump of Cp(T*) =34.0 J/mol-K (see the inset of Figure 2.1(b)) and entropy S=3.77 J
/mol-K, by integrating Cp/T from 140 to 220 K.

The dc magnetic susceptibility χ of Cd2Re2O7 was measured using a SQUID
magnetometer from Quantum Design. Figure 3.1(c) displays the temperature dependence
of χ at 1 T between 2 and 400 K. Measurements performed between 0.1 and 2 T yield
identical results. No thermal hysteresis is noticeable within the experimental resolution.
Like the resistivity, the susceptibility also reveals a kink at T*, below which χ decreases
rapidly and tends to saturate below 30 K.

In an itinerant electron system, a smooth increase of the magnetic susceptibility with
temperature may suggest the presence of spin fluctuations [4]. In this manner, the
electron scattering is expected to be dominated by short-range spin fluctuations as well
[5]. For Cd2Re2O7, the extremely weak temperature dependence of ρ above the transition
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indicates that the mean free path of the carriers has saturated, very likely on the order of
an inter-atomic spacing. To examine the role of spin fluctuations in the electrical
transport of Cd2Re2O7, we replot the resistivity and susceptibility as χT versus T and ρT
versus T respectively in the inset of Figure 3.1(c). It is remarkable that two sets of data
are coincident between 160 and 400 K, with no adjustable parameters involved in this
procedure. However, both ρ and χ have weak temperature dependence above T* and up
to 400 K, so the coincidence between ρT and χT largely comes from that multiplier T. As
we make it clearer in the Part VIII, their derivatives follow basically different trends
(curvatures) so the coincidence only holds no greater than that scaling regime, say, 160 K
to 210 K. Nevertheless, it is plausible that the electrical transport, at least in the scaling
region, is governed by either spin or ionic fluctuation.

The effects of spin fluctuations have been studied mainly in systems that magnetically
order. Near the magnetic critical point, the temperature derivatives of the magnetic
resistivity and susceptibility are expected to vary like the magnetic specific heat; i.e.,
dρ/dT, d(χT)/d and Cp are expected to scale as a function of temperature [5,6]. In the case
of Cd2Re2O7, we find that although dρ/dT scales reasonably well with Cp, a much better
scaling relationship was observed by comparing d (ρT)/dT with Cp. In Figure 3.2, we plot
the temperature dependence of d(ρT)/dT (solid circles), d (χT)/d (crosses) and Cp (open
circles). Remarkably, all curves match well between 160 and 240 K with no adjustable
parameters except an overall normalization for each quantity. This scaling behaviour
clearly demonstrates that the anomalies observed in the specific heat, resistivity and
magnetic susceptibility are intimately related and have a common origin.
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Fig.3.2. Scaling behavior among specific heat Cp (open
circles), susceptibility d(χT)/dT (crosses) and resistivity
d(ρT)/dT (solid circles) between 160 and 240 K.

Does the transition at 200 K involve magnetic order? The abrupt decrease of magnetic
susceptibility below 200 K is certainly consistent with this idea, although Re compounds
that display magnetic order are rare. In Cd2Re2O7, the formal oxidation state of the Re
ions is 5+ with two electrons accommodated in t2g manifold. Hund’s rules favor parallel
spins within each manifold, and lead to spin S=1. If the transition is accompanied by
magnetic ordering, Re ions are expected to eliminate 2Rln(2s+1) =18.3 J/mol-K of
entropy. This is clearly much larger than the observed value of 3.77 J/ mol-K and
suggests that the transition does not involve long-range magnetic order, at least of
localized moments.
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To gain further insight into the scattering mechanisms operative in Cd2Re2O7, Hall
measurements were performed. The Hall coefficient RH was derived from the antisymmetric part of the transverse resistivity under magnetic field reversal at a fixed
temperature. Figure 3.3 presents the temperature dependence of RH at 8 T between 10 and
300 K. It is interesting to note that RH also presents a cusp at 200 K, above which RH is
positive and decreases with increasing temperature. Conversely, RH decreases with
decreasing temperature below 200 K and changes sign from positive to negative near 125
K. This is consistent with band structure calculations that predict both electron and hole
sheets at the Fermi surface of Cd2Re2O7 [7]. The observation of the cusp-shaped RH (T)
suggests that the Hall contribution is also affected by the transition at 200 K. For
comparison, we replot d (χT)/dT versus T in Figure 3. Unlike the resistivity, RH does not
scale well with d (χT)/d above 200 K. Nevertheless, it is worth noting that both RH and
d(χT)/dT vary in the same manner below 200 down to 60 K. This suggests that the
scattering due to spin or ionic fluctuation remains effective at temperatures well below
the critical point.

The scaling relation between d(χT)/dT and Cp is not unique for magnetic systems. For
example, it was also observed in the blue bronze K0.3MoO3 near the charge density wave
(CDW) transition [8]. Theoretically, Chandra [9] argued that ionic density fluctuations
near a Peierls transition temperature could lead to a variation in the density of states
(DOS) at the Fermi level, and consequently result in scaling behavior between (dχ/dT)
and Cp. A CDW transition involves a (typically incommensurate) periodic structural
distortion, and the opening of an energy gap at the Fermi level. For Cd2Re2O7, both x-ray
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Fig.3.3. T-dependence of Hall coefficient RH (open circles)
and d (χT)/d T (curve).

and electron diffraction indicate that there is indeed a structural change below T*. Figure
3.4 presents [001] zone-axis electron diffraction patterns obtained at 300, 200 and 108 K.
At room temperature, the Bragg spots in the diffraction pattern are consistent with the
known cubic F d3 m space group of Cd2Re2O7. Upon cooling from room temperature,
sharp commensurate superlattice reflections at hkl: h,(k,l) = 2 become visible below 200
K, where n is an integer. These spots become more intense with decreasing temperature.
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Fig.3.4. [001] zone-axis electron diffraction patterns of Cd2Re2O7. Patterns
are taken at (a) 300 K, (b) 200 K and (c) 108 K. The arrows denote the (2,
0, 0) superlattice spots as discussed in the text.

This result is also seen using x-ray powder diffraction [10] and rotating anode
measurements [11]. A detailed analysis of whether the emergence of superlattice signifies
a unit cell doubling or reflects some intriguing internal symmetry change will be given in
part V.

In the ionic-density-fluctuation scenario, the rapid decrease of magnetic susceptibility
below 200 K results from a reduction in the DOS at the Fermi energy and consequent
reduction of the Pauli paramagnetic contribution to the susceptibility. There are several
possibilities for the detailed nature of this sort of transition. One possibility is that a
portion of the Fermi surface develops a gap, possibly due to a CDW instability. Band
structure calculations, however, show no evidence of Fermi surface nesting in Cd2Re2O7
[7,12]. Another possibility involves a cooperative Jahn–Teller transition similar to that
observed in A-15 superconductors [13]. In A-15s the structural transition is cubic to
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tetragonal and it is believed that the tetragonal distortion splits a sharp peak in the DOS
into two smaller peaks with the Fermi energy residing in the valley between the peaks. In
Cd2Re2O7 the low-temperature structure is also likely to be tetragonal [10] (also see Part
V), so similar physics could be driving the transition. Yet another promising possibility
involves the disorder of the Re ions and its coordinated O ions. This possibility is
indirectly supported by the fact that Re 5+ is an uncommon oxidation state for Re.

We can estimate the fraction of states at the Fermi energy that are lost during the
transition by considering the drop in susceptibility. The measured susceptibility is
expected to contain a paramagnetic (Pauli) contribution from spin (χspin) and a core
diamagnetic contribution (χcore). The core contribution can be obtained from standard
tables with χcore = -1.72 ×10-4 emu/mol for Cd2Re2O7. Thus, we estimate χspin (T=2 K) =
4.59 ×10-4 emu/mol and χspin (400 K) = 6.34 ×10-4 emu/mol. This analysis implies that
about ~ 28% of the states at the Fermi energy are lost during the transition. Meanwhile,
we can also evaluate the change in the DOS at the Fermi energy by considering the
specific heat anomaly. The entropy of the itinerant electrons at 200 K is γ∆T = (29.6 mJ/
mol-K2) (200 K) = 5.92 J/mol-K. The entropy eliminated during the transition at T* is
3.77 J/mil-K. If we assume that the specific heat anomaly is purely electronic, we find
that approximately 3.77/(5.92+3.77) = 39% of the states at the Fermi energy are lost. This
fraction is higher than that estimated from the magnetic susceptibility. The discrepancy
may be due to the assumption Sel = S, which is not fulfilled if the lattice contribution
matters. We shall discuss the reduction of DOS again in Part VI.
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While the variation of the susceptibility and specific heat is qualitatively consistent with
the picture of a reduced DOS or partially gapped Fermi-surface, at a first glance, it is
difficult to explain why a reduction in the DOS would result in the increased conductivity
observed below the transition. Although better metallic behaviour has been previously
observed in the presence of gap due to a CDW transition [13], a negative dρ/dT was
observed in the critical regime. This feature is not seen in Cd2Re2O7. One possibility is
that the removed portion of Fermi surface is unimportant for the electrical transport.
According to Rice and Scott [14], if the portion of Fermi surface removed by the
transition is the saddle point where the Fermi velocity is very small and the DOS is high,
the saddle points act as scattering sinks in high-temperature phase, and their removal can
increase the conductivity (technically, it refers to the heavy hole portion at Brillouin zone
boundary in Singh’s calculation, see Figure 1.8). However, this theory was developed for
layered materials with two-dimensional character and its application to a threedimensional system such as Cd2Re2O7 may be questionable. In any case, our Hall
measurements indicate that the electronic structure has been affected by the transition,
which leads to the sign change of RH. Finally, we emphasize that those scaling
relationships imply that critical fluctuations associated with the phase transition dominate
both the electronic transport and thermodynamic properties of Cd2Re2O7 near 200 K.
Whether it is from spin or ionic density fluctuation is actually the key to understand the
whole normal state properties, as we make it clear in the rest of this dissertation.
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3.2 Optical Measurements: Enhancement of Electron Mass

Next, we briefly describe the results from optical measurements on Cd2Re2O7 single
crystals. The reflectivity data at 300 K, 150 K, and 24 K are shown in the main panel of
Figure 3.5, with resistivity behavior being displayed in the inset for comparison. We note
immediately that the reflectivity in the far-infrared spectral range enhances with
decreasing temperature (characteristic of metallic response), while the reflectivity in the
mid-infrared range decreases with decreasing temperature. This suggests a redistribution
of spectral weight with lowering temperature, which should be seen more clearly in the
frequency-dependent conductivity spectra. The reflectivity at high frequency is T
independent. A plasma edge minimum is seen at frequency close to 15 000 cm-1. The real
part of the conductivity, σ1(ω), is shown in Figure 3.6. We use the Hagen-Rubens
relation for the low-frequency extrapolation in the Kramers-Kronig analysis. The
conductivity spectrum at room temperature exhibits a number of phonon modes (170 cm-1
, 280 cm-1, 372 cm-1, 570 cm-1) together with broad electronic excitations [15]. As
temperature decreases, σ1(ω) is significantly enhanced in the far-infrared range through
spectral weight shifted from mid-infrared electronic excitations below 3300 cm-1. From
the spectrum at 24 K, one can identify two distinct features: a narrow Drude-like
resonance as ω→0 and very broad mid-infrared excitations. We emphasize here that the
Drude-like peak is not a consequence of the low-frequency extrapolation since it is found
that different extrapolations almost do not affect the spectra in the measured frequency
range. The conductivity spectra differ markedly from the optical response for a simple
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Fig.3.5. The frequency (ω)-dependent reflectivity of Cd2Re2O7 and the Drude-Lorentz
fit to the low-T reflectivity. The data is taken 300 K, 150 K, and 24 K. The lower inset
shows the dc resistivity as a function of temperature. The upper inset shows the DrudeLorentz fit to the low-T reflectivity curve over a broad frequency range.

Fig.3.6. The ω-dependent conductivity of Cd2Re2O7 and the Drude-Lorentz fit to the lowω conductivity spectrum at 24 K.
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metal, instead, highlighting the many-body nature in the coherent metallic state of
Cd2Re2O7 at low temperature. We noticed that the conductivity spectra resemble those of
heavy fermion (HF) systems where similar and even narrower resonances are found in
the low-frequency conductivity in nearly all HF metals. In addition to the effect induced
by the electron-electron correlation, the electron-phonon interaction seems to be fairly
strong at low temperature as well. Except for the phonon mode at 570 cm-1, almost all
other phonon modes shift to higher frequencies (hardening) in a low-temperature metallic
state. A new phonon mode appears at 340 cm-1 at 150 K and 24 K. This is consistent with
the aforementioned electron-diffraction measurement, which indicated a structural
modulation associated with the phase transition at 200 K [16].

To isolate the different components of the electronic ex-citations, we fit simultaneously
R(ω) and σ1(ω) at 24 K to a sum of a Drude term and Lorentz oscillators. This will
reduce the uncertainty caused by the extrapolation in Kramers-Kronig analysis. The
general formula for the complex dielectric function is [17]

where ε∞ is the dielectric constant at high frequency, ωp* and ΓD in the Drude term are the
plasma frequency and the relaxation rate of the free charge carriers, while ωj, Γj , and ωp,j
are the resonance frequency, the damping, and the mode strength of the Lorentz
oscillators, respectively. As shown in the inset of Figure 3.5 and 3.6, both R(ω) and σ1(ω)
can be well fit to a Drude part and two Lorentz oscillators over abroad frequency range
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[18]. The Drude component has a plasma frequency of ωp* = 6800 cm-1 and width of 21
cm-1. The Lorentz parameters are ωp,1 = 35 350 cm-1, Γ1 = 9000 cm-1, and ω1 = 400 cm-1,
and ωp,2 = 5500 cm-1, Γ2 = 1910 cm-1, and ω2 = 3270 cm-1.We can see that the Drude
part, though dominating the static conductivity, has only a fraction of the total spectral
weight below the frequency of reflectivity minimum.

From the fitting parameters of the Drude component, the estimated conductivity at the
static limit, in terms of the simple Drude model, is around 38 500 Ω-1cm-1. This is in
agreement with the reported dc resistivity data [19]. The dc experimental data at 24 K in
our measurement (see the inset of Fig. 3.5) is about 34000 Ω-1cm-1, which is a bit smaller
than the zero-frequency extrapolation of the optical data. However, such discrepancy is
within the systematic errors of experiments. Since the reflectance at the far-infrared
region is close to the unit, the uncertainty of the reflectance even within 0.5% could give
a substantial difference of conductivity in the static limit. In addition, the uncertainty of
the geometric factors also adds some errors to the dc resistivity data.

An alternative way of making quantitative comparisons between the low-frequency
resonance mode and overall spectral weight below the inter-band transition is to sum the
spectral weight under the conductivity spectrum. The unscreened optical plasma
frequency can be estimated by summing the spectral weight below the frequency of the
inter-band transition,
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where ω’ is a cutoff frequency. By integrating the conductivity to 15 000 cm-1 where the
conductivity spectrum shows a well-defined minimum, we get ωp = 3×104 cm-1. This
value is approximately the same for calculations at the three different temperatures. This
plasma mode is clearly seen in the optical reflectivity as the high-frequency plasma edge
and in the real part of the dielectric function as a zero crossing at high frequency.

Similarly, by applying sum-rule arguments, we can calculate the spectral weight below
the narrow Drude-like mode and obtain another plasma frequency as

where m* is the effective mass at low frequency and ωc is another cutoff frequency only
for the narrow Drude-like mode. The value of ωp* we obtained is 6720 cm-1. This value is
close to the one we obtained from the above Drude-Lorentz fit, but it is significantly
smaller than the unscreened plasma frequency.

The occurrence of a sharp and narrow resonance mode at ω = 0 together with very broad
mid-infrared excitations in the optical conductivity of strongly correlated systems was
widely explained in terms of the renormalized quasi-particles in the many-body picture
[20-22]. It was suggested that the finite-energy modes, basically containing all the
spectral weight at high temperature, are associated with the unrenormalized band mass
mB. As the temperature is lowered, correlation effects dressing the free charge carriers are
manifested through the redistribution of the spectral weight between the higher and lower
frequency. The sharp and narrow Drude-like component appears as a consequence of the
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enhancement of both the effective mass and the scattering time. With the assumption that
the total charge-carrier density does not change with temperature, it is possible to directly
estimate the enhancement of the effective mass by m*/mB = ωp2 /ωp*2, which gives value
of 20. Indeed, specific-heat measurements indicated an enhanced electronic specific-heat
coefficient γ ~ 30 mJ/mol-K [1,16,19]. The behavior of the upper critical field Hc2 vs T
also indicates that the Cooper pairs are composed of rather heavy quasi-particles.
Qualitatively, the optical measurement is in agreement with the enhancement picture of
effective mass.

It should be noted that the enhancement factor m*/mB refers to the enhanced effective
mass in relation to the band mass, which could be significantly larger than the freeelectron mass me [21,23]. According to the available band-structure calculation of this
material [25], the Fermi surfaces consist of nearly spherical electron pockets centered at
the Γ point and a very heavy-hole section at the zone boundary.

The calculated density of states near EF is derived mainly from the heavy-hole bands,
which produces the bare band specific-heat coefficient as large as γ= 12.4 mJ/mol-K2.
Comparing with the measured value of 30 mJ/mol-K2, we obtain a mass enhancement
due to the many-body effect of m*/mB = 2.4. However, this value is much smaller than
the value of 20 obtained from optical conductivity analysis, which is solely due to the
electron correlation effects. One possible explanation for the contradiction is that the
mass enhancements in specific heat and transport are associated with different bands in
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the electronic structure. The mass enhancement in specific heat mainly comes from the
heavy-hole sheets with a small correlation effect; on the other hand, the transport is
dominated by the light electron band with a strong renormalization effect by electron
correlations. The latter argument is also supported by Hall-effect measurements [1].

Figure 3.7 shows the real part of the dielectric function, ε1(ω), as a function of frequency.
The zero-crossing frequency at around 15 000 cm-1, corresponding to the plasma edge in
the reflectance spectrum, represents the screened overall plasma frequency. The
contribution of the broad mid-infrared bands to the real part of the dielectric function,
ε1(ω), varies very slowly with ω over a large frequency range below the frequency of
zero crossing. The low-frequency ε1(ω) at high temperature can become even positive
because of the contributions from phonon modes and some localized effect of quasiparticles.

Let us analyze the low-T spectrum of ε1(ω) in the low-frequency range due to the
contribution from the renormalized Drude-like component. Because the contribution of
the broad mid-infrared bands to ε1(ω) varies slowly in ω, in the case of ω>> ΓD the real
part of dielectric function, in terms of Eq.(3-1), can be approximated as ε1(ω) ≈ εx - ωp2
/ω2, where εx represents a background dielectric constant at a high frequency determined
by ε∞ and contributions from broad mid-infrared excitations. Then, the slope in ε1 vs. ω-2
lot will provide the value of the ωp2 for the renormalized Drude-like component. The
inset of Fig. 3.7 shows the ε1 vs. ω-2 plot. The solid and dashed lines are the experimental
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Fig.3.7. The ω-dependence of the dielectric functions ε1 of
Cd2Re2O7 and inset shows the ε1 vs. ω-2 plot at low temperature.
The high-frequency plasma mode is seen as the zero-crossing
feature at ω~ 15000 cm-1.

and the linear fit to the data, respectively. The value of ωp* extracted is 6620 cm-1, which
is in good agreement with those determined in the above analysis.

The frequency dependence of the scattering rate as well as of the effective mass can be
alternatively determined by using the generalized Drude model by
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where ωp2 is the unscreened overall plasma frequency. This analysis is also quite often
used to quantify the renormalization effect of electronic correlation in HF materials
[22,23,26]. The derived spectra of the effective mass and of the scattering rate with ωp =
3×10 4 cm-1 are plotted in Fig. 3.8. At room T, the spectra of 1/τ depends weakly on ω,
the 1/τ is suppressed at low ω. In accord with this, the effective mass is enhanced. We
observed m*/mB ~20 for T=24 K, which is well in agreement with the value obtained
above.

Our study revealed unambiguously the renormalization effect by strong electron
correlation in Cd2Re2O7, which makes the optical response quite similar to other HF
materials. The major difference is that here the effective mass is relatively smaller than
typical HF metals with 4 f and 5 f electrons. This is understandable considering the fact
that the heavy electrons in correlated systems originate, in general, from the interaction of
the localized f or d electrons with the bands of delocalized electrons. This leads to the
strong mixing, or hybridization, of the Fermi electrons with the localized f or d electrons.
The final result is a renormalization of the Fermi surface and a drastic enhancement of
the effective mass of free band electrons at EF. Cd2Re2O7 is a transition-metal system
with 5d electrons. The 5d wave function is much more spatially extended than 4 f or 5 f
electrons, which naturally results in a relatively smaller m*/mB. We speculate that,
similar to other heavy Fermion superconducting materials, the superconductivity
observed in this material is due to the condensate of those relatively heavy electrons.
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Fig.3.8. The ω-dependence of the quasi-particle effective mass and scattering rate of
Cd2Re2O7. Data is given at 300 K, 150 K, and 24 K.

Finally we remark that Cd2Re2O7 is not the unique oxide material exhibiting an
enhancement of the effective mass at low temperature. The metallic mixed-valent
compound LiVO4, which also has the pyrochlore lattice of transition metal V, is another
example showing unusual and strong HF behavior at low T. It should be noted that, in
such oxide materials, both the localized electrons and delocalized band electrons should
originate from the d electrons of the transition metals. At present, the physical origin of
the heavy quasi-particle excitations is far from clear. It is suggested that it differs
considerably from that of other known HF systems [27,28].
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3.3 Pressure Study on Resistivity and Thermoelectric Power

3.3.1 Introduction
The d- and f-electron systems show a variety of Mott phenomena [29,30]. The occurrence
of Mott transitions is readily understood in stoichiometric 3d transition metal compounds
since for these systems, the electron–electron interaction (measured by an effective
Hubbard U) is comparable to the bandwidth W. In contrast, 4d and, quite in particular, 5d
transition metal compounds are supposed to be less correlated because of their relatively
wide d-bands. For example, the 5d oxide ReO3 is a good metal with wide d-bands.

There are, however, a few 5d compounds which show cooperative behavior with no
obvious interpretation in terms of independent electron theory. The Mott localization
aspects of the low-temperature behavior of 1T-TaS2 are long known [30]. Recently, the
interest turned towards pyrochlore oxides [4]. Y2Ir2O7 is characterized as a Mott insulator
[5]. Cd2Os2O7 undergoes a metal–insulator transition at 226 K. The phenomenon is well
described as a BCS-type mean field transition which clearly involves the ordering of an
electronic degree of freedom on the background of a rigid lattice [2,34] This led to the
proposal of a Slater transition of the spins [2]. Let us note, however, that the supposed
spin density like order parameter is experimentally not yet identified, and it would be no
simple matter to postulate it because of the frustrated nature of the pyrochlore lattice [35].
Furthermore, whatever the nature of the order parameter, there is a basic difficulty:
according to band theory, the Fermi surface of Cd2Os2O7 does not seem to be nested [25];
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and it is difficult to see how a small-amplitude order can immediately open gaps all over
the Fermi surface. This alone suffices to show that for Cd2Os2O7, correlation effects are
important. We can help inferring that, Cd2Re2O7 which differs from Cd2Os2O7 only in
having one 5d-electron/site less, is also a correlated system.

We may immediately observe that geometrical frustration tends to amplify correlation
effects: For 1T-TaS2, the triangular lattice of Ta ions, while for Cd2Os2O7 and, Cd2Re2O7,
the even more frustrated pyrochlore lattice of the 5d sites is playing an important role
[36,37]. The concept of frustration is not quite straightforward for itinerant systems, but
one can argue that it involves the suppression of kinetic energy by destructive
interference, and the resulting enhanced importance of interaction effects. Weak coupling
density wave phases tend to be eliminated and instead, local correlation effects like mass
enhancement and the opening of a spin gap dominate [38,39].

Models based on the degenerate t2g sub-band are directly relevant for the Re and Os
pyrochlore oxides. Experience with Mott-localized spin–orbital systems suggests that the
spin and orbital degrees of freedom play similar roles, and this should hold for correlated
itinerant systems as well. A RPA treatment of the t2g pyrochlore Hubbard model
demonstrates the close competition between spin and orbital instabilities. The interplay of
spin and orbital fluctuations yields a novel scenario of mass enhancement [40].

The importance of correlation effects is judged by checking to which extent band
structure calculations account for the observed properties. The LDA electronic structure
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of the high-temperature cubic phases of Cd2Os2O7 and Cd2Re2O7 has been determined
[25,40]. For Cd2Re2O7, there is a discrepancy between the LDA result and the measured
specific heat coefficient γ. Two calculations give somewhat different results: Singh et al.
[25] implies that m*/m ~ 2.4 is not unexpected for a superconductor (it could be due to
electron–phonon coupling), while Harima [40] finds m*/m~5, and concludes that
Cd2Re2O7 is a strongly correlated system. Optical data indicating an even higher m*/m ~
20 add to the weight of evidence that electron correlation is important in Cd2Re2O7 [41].
But the origin of the discrepancy between the specific heat and optical estimates for the
mass enhancement factor remains unclear. Sakai et al. [42] interpreted susceptibility and
NMR data as indicating localized moment character, which is synonymous with local
correlations. Later on, we shall make it clear that it is caused by ionic fluctuation.

Here we present the results of electrical resistivity and thermoelectric power
measurements on Cd2Re2O7 in the pressure range 0–2 GPa. Our basic finding is that there
is a wide range of temperature (~60 K< T < T*~200K) where the electronic state of the
material is ‘‘soft,’’ which is shown by the strong pressure dependence of the
thermoelectric power S and to a lesser extent also of the resistivity ρ. The existence, and
extreme pressure sensitivity, of the so-called second phase transition of Cd2Re2O7, 20 is
only one aspect of this behavior. We display a phase diagram based on thermo power
anomalies, including data on the pressure dependence of the second structural transition
[43]. Measuring thermo power under pressure is currently the only way to learn about the
shape of that phase boundary.

75

3.3.2 The Phases of Cd2Re2O7

Though intense interest on Cd2Re2O7 is on superconductivity [1,19,44], we shall only
focus on its normal state phases in present section. The contrasting behavior of Cd2Re2O7
and Cd2Os2O7 is intriguing. At room temperature (RT) both are bad metals with similar
values of the nearly temperature independent resistivity corresponding roughly to a mean
free path in the order of the lattice constant. Band structure calculation [25,40] shows
they are 5d semimetals with the Fermi level position corresponding to a 1/3-, and 1/2-,
filled t2g sub-band, respectively. We know of no feature of the density of states, or the
Fermi surface, which would obviously account for the fact that Cd2Os2O7 becomes an
insulator at 226 K, while at almost the same transition temperature T*~ 200 K, Cd2Re2O7
becomes a better meta and another ‘‘lower’’ transition temperature T’~ 120-125 K which
will be discussed later.

We illustrate the character of the phase transitions of Cd2Re2O7 by the results of our
measurements of the temperature dependence of the resistivity at ambient pressure
(Figure 3.9, left). We note that none of the previous measurements were carried out up to
600 K. The extended temperature scale makes the fundamental change in the character of
Cd2Re2O7 at T* ~ 200 K clear. The high-T phase is a bad metal, with a resistivity which
at first seems to saturate at ~ 470 µΩcm, but then picks up again.
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Fig.3.9. T-dependence of the resistivity ρ and dρ/dT of Cd2Re2O7 at ambient
pressure (Left) The temperature dependence of the resistivity of Cd2Re2O7 at
ambient pressure. T*, T’, and Tc signify phase transitions, while T’’ marks the
position of the crossover to a low-T power law regime (see the text). (Right)
Plotting dρ/dT vs. T shows that the high temperature resistivity is not linear in T.

Decreasing the temperature through T*~ 200 K, the system becomes a good metal. The
low-T normal state resistivity extrapolates to 30 mV cm. The resistivity change around
T*~ 200 K could be compatible either with a change in the scattering mechanism, or a
change in carrier concentration, or a combination of both. Whether a phase transition
occurs, has to be decided from other measurements.

Closer examination of the resistivity vs. T plot reveals that the slope passes through a
maximum, a minimum, and reaches a maximum again at T*, thus plotting dρ/dT vs. T
readily offers the possibility of identifying characteristic temperatures as either extreme,
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or zeroes, of the derivative. This holds at all pressures (Figure 3.10, top). The hightemperature peak belongs to the metal-to-better metal transition at T*. It was mentioned
in reference [16] that the low-temperature hump at T” ~60 K is also significant; however,
it does not belong to a phase transition. Rather, it is a crossover temperature where the
low temperature ρ(T) begins to follow a power-law behavior whose form will be
discussed later. It is clear that other features (e.g., the minimum of dρ/dT) might have
been selected.

The continuous metal-to-better metal transition at T*~ 200 K is clearly seen in all
resistivity, susceptibility, and specific heat measurements. There is no magnetic ordering.
X-ray scattering finds new Bragg peaks, there is now evidence that the symmetry is
lowered to tetragonal. However, the deviation from the cubic structure is quite small,
only about 0.05% [10,45]. Evidence that a second phase transition occurs at ambient
pressure at T’~ 120 K was presented by Hiroi et al. [43]. They present a magnified image
of ρ vs. T plot which reveals a minute hysteresis loop of a few K width in this region.
The transition has little effect on the resistivity, no known signature in the susceptibility,
and the specific heat shows merely an anomaly, which is two orders of magnitude weaker
than the one associated with the 200 K transition. Clearer evidence comes from
magnetoresistance measurements that show that, after ∆ρ essentially vanishes by the time
T reaches 100K, it reappears and becomes quite anisotropic from 120 K onwards. Thus
Cd2Re2O7 has two good metallic phases in addition to the bad metal above T*. The first
thermoelectric power data [46] are compatible with this scenario.
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Fig.3.10. T-dependence of the resistivity ρ and dρ/dT of Cd2Re2O7 for several
pressures (p) (Bottom) The temperature dependence of the resistivity of Cd2Re2O7 for
several pressures. The sharp downturn occurs at T*. (Top) The temperature
dependence of the derivative of the resistivity dρ/dT for several pressures.
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Whatever the nature of the second phase transition at T’~ 120 K, it is hard to discern. Xray diffraction shows an anomaly in the temperature dependence of the fundamental
reflections [43]. A recent refinement [45] yielded the suggestive picture of distorted
tetrahedral with three unequal Re–Re distances on each triangular plaquette. The order of
the bonds allows us to define a bond chirality parameter for each triangle; the low-T
structure of Cd2Re2O7 can be thought of as ‘‘ferro-chiral.’’ Thus the 120 K transition
involves a change of symmetry, but it is, strictly speaking, not symmetry breaking: it
does not belong to a symmetry lowering (i.e., choosing a subgroup of the original
symmetry group) from the T’~ 120 K phase, but to replacing one symmetry element with
another. This symmetry characterization is compatible with the idea that the transition at
T’ is of first order [47].

It is not clear what really happens at either the T* or the T’ phase transition; in particular,
whether there is an electronic order parameter coupled to the obvious structural ones.
Though the symmetry changes are marked, they are realized by quite minute [48]
distortions of the high-T cubic structure; thus though both phase transitions are literally
structural transitions, it is not obvious that the structural change is enough to explain the
drastic changes in electrical properties. In other words, we still have to search for the
concomitant change of the many-electron state, which might well be the primary
phenomenon. X-ray study indicates that the temperature dependence of the new Bragg
peaks is anomalously slow, [10] which would be compatible with the idea that the
structural order parameter is secondary, induced by some underlying electronic order
parameter. Re NQR and Cd NMR reveal that the local environment of the Re site loses
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trigonal symmetry below T*, and that the character of orbital fluctuations changes at T’
[49,50]. All the evidence points to significant rearrangement of the t2g sub-bands, with
consequent changes in their occupation, starting from T*, and continuing well below T’.
We envisage an itinerant version of orbital ordering transitions [51].

Extending the measurements to higher pressures brings further insight. Hiroi et al.[31],
[52,53] measured the resistivity under the pressure of 1.5 GPa, and at five high-pressure
values between 3 and 8 GPa. 3.5 GPa suffices to suppress the major structural transition
at T*. The weak transition at T’ seems more sensitive to pressure. A single data point
published in the less known reference [54] indicates that T’ is suppressed to zero
somewhere beyond 2 GPa. Mapping out the boundary between the two good metallic
phases is a priority.

Here we present new data about the resistivity ρ and thermoelectric powers S of goodquality single crystal specimens of Cd2Re2O7 under pressure. For resistivity, we have
more pressure values up to 2 GPa than in previous works, and at ambient pressure, we
have extended the measurement to 600 K. Our thermoelectric power data reveal the
highly anomalous nature of the ‘‘good metallic’’ phases of Cd2Re2O7. At ambient
pressure, our thermoelectric power vs. T curve has a much better resolved anomaly at the
lower phase transition than the previously published [46], allowing us to identify it as a
secondary minimum. We performed the first measurements of thermoelectric power
under pressure, and present a pressure–temperature phase diagram based on them,
including new results on T’(p). We find a distinctive feature of the intermediate
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temperature range T’’<T<T*: it is where electrical properties are remarkably sensitive to
pressure. It stands to reason that this is a regime of continuing rearrangement of 5d sub
bands where the electron–lattice interaction is particularly important. In contrast, the lowtemperature (T<T”) good metal, and the high-temperature (T>T*) bad metal, are
essentially pressure-insensitive.

3.3.3 Results and Discussion

Cd2Re2O7 single crystals were grown using vapor transport and have the composition
Cd2Re2O6.86, as detailed in Part II. For electrical measurements, the crystal was cut in
smaller pieces of rectangular parallelepiped shape with the dimensions 1.5×0.25×0.025
mm3. After placing four contacts on the sample, it was mounted on a homemade
thermoelectric power sample holder, which fits into a clamped pressure cell. Small
metallic heaters installed at both ends of the sample generated the temperature gradient
measured with a Chromel–Constantan differential thermocouple. The pressure medium
used in this study was kerosene, and the maximum pressure was 2 GPa. The pressure was
measured using a calibrated InSb pressure gauge.

The temperature dependence of the ambient-pressure resistivity of a single-crystal
specimen of Cd2Re2O7 was shown in Fig. 3.9(left). Right above the T* transition, the
resistivity appears to have saturated, but the extended scale shows up a further increase
with temperature. It strikes the eye that the high-T resistivity is not linear in T; this is also
brought out by the enlargement of the high-T part of the derivative plot (Fig. 3.9, right).
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The shape of ρ vs. T curve deviates from what one would expect from the conventional
phonon mechanism, and we temporarily ascribe it to the inter-orbital or inter-subband
scattering. We shall elucidate the unusual T-dependence in Part VIII, in terms of
electron-hole scattering.

We also refer to the dρ/dT derivative plots shown in Fig. 3.10 (top). The continuous
metal-to-metal transition at T*~ 200 K is marked by a strong peak of the derivative
which is known to correlate with the susceptibility and specific heat anomalies [16]. The
overall T<T* behavior is similar to that known from previous measurements. The
derivative plot dρ/dT vs. T shows three characteristic temperatures. The large peak on the
high-T side could serve to define T*, but we prefer the definition from the derivative of
the thermoelectric power (TEP). The broad, nearly pressure-independent hump at T’’~ 60
K marks the boundary between two regimes within the same low-temperature phase.

There is also a recognizable minimum between these two maxima; at p =1 atm., it is a
rather sharp feature at ~130 K, and happens to lie near the second transition temperature
T’ which we identify from TEP data. However, we discard the possibility of identifying
T’’ from this anomaly. The reason is that a minimum in dρ/dT continues to show up at all
pressures, while there are good reasons to think that the second phase transition is
completely suppressed before p reaches 1.8 GPa.
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The residual resistivity is 30 µΩcm, similar to the value given in reference [52], but about
a factor of 2 higher than the value quoted in references [43,46]. The cooling/heating rate
in our measurements was ~ 0.6 K/min, six times faster than in the measurements of Hiroi
et al. [43]. This might be the reason why we did not see hysteresis in either resistivity or
thermoelectric power, though we have a fairly dense set of data points with little scatter
in the relevant range of T. Another possibility is related to the subtle difference among
samples, say, imperfection, oxygen deficiency, one sign is the sample-dependent low
temperature resisitivty behavior that we shall discuss next. Nevertheless, we agree with
the suggestion that the second phase transition is weakly first order and reason it is might
be imperfection-driven (Part VI).

We carried out measurements at pressures of p=1 atm., 0.6, 1.2, 1.8, and 2 GPa. The Tdependence of the resistivity ρ for different pressures up to 300 K is shown in Figure
3.10 (bottom), the derivative curves in Figure 3.10 (top), while the TEP S is given in
Figure 3.11.

The TEP is negative at all temperatures/pressures. The T* phase transition has, at any
pressure, an even more spectacular signature in the thermoelectric power than in other
quantities measured before. It is associated with a steep decrease of S, which continues
until at T’’~ 60 K, S reaches a minimum at which |S| is about a factor of 10 higher than at
T=T*. Below T’’, S tends to zero in an approximately pressure-independent manner. Our
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Fig. 3.11. (Bottom) The T-dependence of the TEP S at several pressures. (Top) The
temperature dependence of the derivative of the TEP dS/dT at several pressures.

TEP data allow identifying three distinct regimes of temperature: (i) both ρ and S are
essentially pressure-independent up to T*; (ii) The TEP is quite sensitive to pressure at
T’’<T<T*; (iii) ρ and S are again essentially pressure-independent in the high
temperature (T>T*) regime. Regime (ii) is the same where x-ray studies indicate an
anomalously slow T-dependence of the structural order parameter. The second phase
transition, whenever found, sits in the middle of (ii).

The overall value of the TEP is rather small: |S| never exceeds 10 µV/K. Some 5d
elements have higher thermoelectric power than this, and one might have expected that
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the narrower d-bands of our oxide give rise to a larger thermoelectric power. However, Tdependent partial cancellation between hole like and electron like contributions may
explain the observations. The degree of cancellation is smaller in the T<T* phases; this
may be compatible with the disappearance of the heavy hole pocket found in the hightemperature (cubic) phase band structure [25,40]. It may also explain why we do not find
the straightforward metallic behavior S ∝ T at T>T*; in fact, the regime 200 K<T< 300 K
is closer to S ∝ T2. As we state later (Part XI), the measurement up to 355 K prefers a Tlinear behavior between 250 K and 355 K, if we do not take the “crossover regime”
T*<T< 250 K into account.

Some features are more clearly seen in the derivative plot dS/dT (Fig. 3.11, top). The T*
transition is well defined by the cusp of dS/dT. This is the definition we use in plotting
the corresponding phase boundary. This may seem arbitrary, but we may bring the
following argument: Loosely thinking of the thermoelectric power as a measure of the
electronic entropy, finding an anomaly in dS/dT is like finding an anomaly in the specific
heat. In any case, the peak positions of dS/dT and dρ/dT are lying pretty close [55].It is
remarkable that the dS/dT peak gets sharper under pressure. (A similar observation was
made about the ρ vs. T curves in reference [52].

The second phase transition shows up in the S vs. T plot (Fig. 3.11). At ambient pressure,
there is a sizable dip in S at about 120 K, followed by a secondary minimum at ~130 K.
Let us observe that if we imagine the S-anomaly sharpened (the bump and the dip getting
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closer, without reducing their amplitudes), it would be consistent with a discontinuity
[56] of ∆S~ -1 µV/K (Figure 3.12). It suggests that we center the phase transition at the
point of inflection between the bump and the dip, in other words, at the local minimum of
dS/dT. This would be consistent with regarding the thermoelectric power anomaly as the
sign of a smeared-out (and very weak) first order transition, confirming Hiroi et al. [43]’s
report. We note that a TEP discontinuity has been observed to be associated with some
first order electronic transitions, such as the valence transition of YbInCu4 [57].

The phase transitions shift under pressure: T* drops to 156 K under 2 GPa (this is a less
steep decrease than that seen in reference [52], where T* (2 GPa) ~130 K. This reflects a
difference in sample quality, a point to which we shall return later). We already
commented on the apparently increasing sharpness of the transition. The T” transition
gets suppressed rather fast under pressure. At 0.6 GPa the dip-and-bump complex seems
just to have shrunk to a point of inflection: the local minimum of dS/dT reaches 0 at 115
K (Fig.3.11 top). At 1.2 GPa there is not even a point of inflection, but we still risk
identifying the bottom of a valley in dS/dT at ~105 K. The TEP curves are perfectly
smooth in the region T”<T<T* at higher pressures, thus the second phase transition
certainly vanishes somewhere below 1.8 GPa.
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Fig. 3.12 The S-shaped thermoelectric power anomaly as a
smoothed-out discontinuity.

Now we return to our resistivity data. The T>T* resistivity is large, essentially pressureindependent, and increases slowly with T, indicating the presence of a strong scattering
mechanism probably specific to the pyrochlore structure. The high-temperature phase is
cubic, thus the restoration of the orbital degree of freedom gives an extra scattering
mechanism. The observed lack of a magnetic field dependence of the thermoelectric
power is suggested by Huo et al. as a sign of unimportance of spin disorder scattering
[46], however, we think the scaling behavior is more persuasive regarding the presence of
spin fluctuation [24]. More detailed discussion on T>T* resistivity is given in Part VIII.
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Below T* the resistivity begins to decrease sharply, following a roughly linear Tdependence down to about 60 K, below which it bends over into a seemingly power-law
regime which has been fitted either with T2 or with T3 dependencies [1,16,45,46,52]. No
doubt, it is sample-dependent. Formula ρ=ρ0+A2*T2 with an enhanced value A2*/A2 ∝
(m*/m)2 would be considered typical of strongly correlated systems, and it would be
expected to show up here, since the specific heat also shows enhancement. However, at
least for the present sample, we found that the T2 law would give an acceptable fit in a
narrower range of T, and even then at low pressures only (Fig. 3.13, top). In agreement
with another reference [45], ρ=ρ0+A3T3 fit works bit better (Fig. 3.13, bottom). However,
the T3-law might be a simple combination of T-dependent electron–phonon term and the
electron–electron term, as the fitting regime is only of ~ 10 K span. In either case, A3 is a
scale of T-dependence.

The pressure dependence of ρ0 and A3 is given in Figure. 3.14. A moderate increase in A3
is compatible with increased electron–phonon interaction in a compressed lattice. We call
attention to the fact that the pressure dependence of ρ0 is quite weak, even at 2 GPa we
find less than 40 µΩcm. This is to be contrasted with the results of Hiroi et al. [52] who
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Fig. 3.13 The low-T resistivity plotted as a function of T2 and T3.
(Top) The resistivity in the range 1–30 K, plotted as a function of
T2. (Bottom) The resistivity in the range 1–25 K, plotted as a
function of T3.
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Fig. 3.14 The p-dependence of coefficients ρ0 and A3.

find an approximately six-fold increase in ρ0 at 1.5 GPa, and a two-fold increase in A*.
The authors of reference [52] would probably agree that correlation, as manifested in A*,
is weak at ambient pressure, but argue that its role is increasing at higher pressures. Our
pressure range is limited to 2 GPa, but within this range, we do not detect a tendency
towards heavy Fermion behavior. Once again, the issue of sample dependence arises, we
think that the weak pressure dependence of ρ0 is an indication of the good quality of our
samples.

The difficulty in deciding what happens to the electronic structure below 200 K may
partly arise from trying to reduce everything to a single number, the enhancement factor
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of the effective density of states z-1= N*(εF)/N(εF). This would appear as the
enhancement factor of the thermal effective mass z-1= γ*/γ, the spin susceptibility, and
the plasma frequency [41]. Much of the previous discussion relied on the idea that the
structural transitions open pseudo gaps in the spaghetti of t2g sub bands, and consequently
N*(εF)/ is reduced [16]. This seems to agree with the reduction in susceptibility [43], but
makes it difficult to understand why the conductivity is substantially increased. A twocarrier model based on removal of heavy hole portion of Fermi surface is hereafter
proposed in Part XI, to solve this puzzle. Removing narrow sub-bands from the vicinity
of εF would mean that N(εF) is reduced. The temperature dependence of χ, the Knight
shift and (TT1)-1 measured by 111Cd NMR are well described by assuming a reduced
N(εF) [49].

Our TEP measurements do not allow us to infer N(εF). Using the simplest picture of a
correlated one-band model [57], the thermoelectric power S ∝ -(kB/|e|)z-1 N’(εF)/N(εF)
measures the band asymmetry about εF rather than the density of states. N’(εF) is the
derivative of N(εF) with respect to ε at ε=εF. Our data are thus indicative of a strongly
increasing asymmetry of band shape below 200 K. We might envisage a heavy sub-band
gradually crossing out from the vicinity of εF, which gives a strong contribution to N’(εF).

A pressure–temperature phase diagram based on plotting the characteristic temperatures
T*, T’ and T’’ is finally shown in Fig. 3.15. The last data point for T’ at 1.2 GPa is, as far
as we have seen, rather tentative; T’ is suppressed fast. This is in general agreement with
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Fig. 3.15. The T–p phase diagram derived from S(T,p) and ρ(T,p).
Definitions: T* from the peak in dS/dT; T’ from the minimum of
dS/dT; T” is the position of the low-T broad maximum of ρ.

a previous observation [54] but our critical pressure for T’ is rather lower. In
contrast, our T* vs. pressure curve would lie above that found by Hiroi et al. [52]. The T”
is always defined by the peak position of the broad maximum of dρ/dT. It is rather
pressure-independent, and approximately coincides with the low-T minimum of S. We do
not think it associated with a phase transition but it is nevertheless significant since it
marks the crossover from a stable good metallic state into a fluctuating intermediate-T
state. We may treat it as the coherence temperature of the low-T electronic structure.
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Since we did not find the third normal metallic phase at 1.8 GPa, we drew a dashed line
to show that T’ should drop to zero somewhere between 1.2 and 1.8 GPa. In principle, a
line of first-order transitions could terminate at a critical point at some finite temperature,
but the recent finding of a symmetry change at T’ rules this out [45]; the phase boundary
has to continue down to T = 0.

Finally, let us return to the question whether we find Cd2Re2O7 a system with significant
correlation effects. The answer is yes. Let us recall, though, that it is foremost the high-T
(T>200 K) phase of Cd2Re2O7, which is assumed to be strongly correlated. This view is
supported by a recent observation [53] that stabilizing the cubic phase under very high
pressure (p=3.5 GPa) gives rise to substantially larger m*/m than the value inferred for
the low-pressure good metallic phases. Large mass enhancement is tantamount to the
system having high entropy at relatively low temperatures. There are two ways to let the
entropy vanish as T→0: either by sustaining heavy fermion behavior to low T, or by
letting the structural transitions intervene! [58]. Apparently, the first scenario is realized
in Cd2Re2O7 at high pressures, while the second at low-to-medium pressures. The 200 K
and 125 K transitions reduce the apparent mass enhancement by suppressing short-range
fluctuations (first of all orbital fluctuations). As far as TEP can be thought of as giving a
measure of electronic entropy, we can invoke our Fig. 3.11: suppression of T* under
pressure means the smooth continuation of the fluctuating electronic state of the cubic
phase to lower temperatures.
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Part IV
CRYSTAL STRUCTURE VARIATION
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As shown in last chapter, the specific heat and resistivity reveal a pronounced anomaly at
T*~ 200 K, all consistent with a continuous phase transition [1]. The electron diffraction
on single crystals [1] and preliminary x-ray diffraction studies on powder samples [2]
further point out the appearance of super lattice Bragg peaks such as (0,0,6) and (0, 0,
10), which are inconsistent with the (0,0,h): h = 4n condition appropriate to the high
temperature cubic space group (F d3 m). Is it involves with a symmetry change? In
addition, the Re nuclear quadruple resonance (NQR) measurements find no indication of
either a magnetically ordered or a charge ordered state below 100 K [3] while the dc
susceptibility undergoes a abrupt reduction right below T* [1].

To gain more insight into the structure change accompanied with the normal state phase
transitions, we carried out X-ray single crystal diffraction, neutron single/powder crystal
diffraction and Raman spectroscopy measurements. In the conventional infrastructure of
thesis, the present chapter should be given earlier. However, the low temperature
structure is still far from clear due to some intrinsic difficulties stated later. Waiting for
new experiments and further data analysis, we have to limit ourselves to qualitative
analysis on the neutron and Raman datasets, and, make the present chapter as the last one.

4.1 X-ray Single Crystal Diffraction

The high-quality single crystal, which is the subject of the present study, was grown as
detailed in Part V, and had approximate dimensions of 4×4×2 mm3 and a mosaic spread
of less than 0.04° full width at half maximum. It was mounted in a Be can in the presence
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of a He exchange gas and connected to the cold finger of a closed cycle refrigerator with
approximate temperature stability of 0.005 K near T*, and 0.01 K elsewhere. X-raydiffraction measurements were performed in two modes, both employing an 18-KW
rotating anode generator, Cu Kα radiation, and a triple-axis diffract meter. Relatively lowresolution measurements of the super lattice Bragg-peak intensities were obtained using a
pyrolitic graphite (002) monochromator and a scintillation counter. Much higher
resolution measurements were performed with a perfect Ge (111) monochromator, and a
Bruker Hi Star area detector, mounted 0.75 m from the sample position on the scattered
beam arm of the diffract meter. The high-resolution experiment easily separated CuKα1
from Cu Kα2 diffraction, and was used for precision measurements of the line shapes of
both the principal and super lattice Bragg peaks.

4.1.1 Order Parameter

Figure 4.1 shows the temperature dependence of the integrated intensity of low-resolution
scans of the (0, 0, 10) Super lattice Bragg peak. Data were taken in separate warming and
cooling runs, and are shown over an extended temperature range in the top panel, as well
as over a narrow range near T* in the bottom panel. The form of this scattering,
proportional to the square of the order parameter, is anomalous as it grows very slowly
below T*, especially between ∼ 170 K and ∼ 40 K. A mean-field phase transition
displays the slowest such growth among conventional models for cooperative behavior,
which exhibit continuous phase transitions. In Fig. 4.1, we compare the integrated
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Fig.4.1. The integrated intensity of the (0,0,10) superlattice Bragg peak as a
function of temperature, compared with models of mean-field theory and 3-D Ising
model The top panel shows the integrated intensity of the (0,0,10) superlattice Bragg
peak as a function of temperature, compared with the square of the order parameter
expected from mean-field theory, and that expected from the three-dimensional Ising
model. The lower panel shows the same data in the immediate vicinity of T*, along
with a fit to critical behavior modeled as a power law in reduced temperature (left-hand
y axis), and the broad critical scattering as measured at (0.04,0.064,10) (right-hand y
axis).
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intensity of the superlattice Bragg scattering to the square of the mean-field order
parameter [4], as well as to the square of the order parameter appropriate to the threedimensional Ising model [5]. Clearly, the growth of the measured order parameter is
much slower with decreasing temperature, than would be predicted by even mean-field
theory.

Closer to the phase transition, the measured order parameter does look more conventional
as shown in the bottom panel of Fig. 4.1. This panel shows integrated intensity with both
downward curvature below ∼195 K and upward curvature above ∼195 K, consistent with
the measurement of the order parameter squared below T*, and the measurement of
fluctuations in the order parameter (or so-called critical scattering) above T*. Data in the
temperature range 175–190 K were analyzed assuming this to be the case, and fits were
carried out in the approximate range of reduced temperature from 0.02 to 0.10, placing
the data within a typical asymptotic critical regime. The fit of this data by the critical
form:
Intensity = I0 [(T*-T)/T*] 2β

(4-1)

is shown in the bottom panel of Fig. 4.1. The fit is of high quality, and it produces T*
=194.3±0.1 K and a critical exponent β=0.33±0.03, which is typical of three-dimensional
continuous phase transitions [6]. It is noted the T* determined here is slightly lower than
that commonly accepted value ~200 K, nevertheless, the discrepancy is of no more
physical meaning than reflecting the smooth crossover of Intensity at ambient 200 K and
the continuous nature of the transition.
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Although the (0,0,10) intensity above T* =194.3 K appears to be critical scattering, we
show below that it is anomalous and remains resolution limited at all temperatures
measured. Very recently, Hung et al. ‘s synchrotron X-ray study on single crystal sample
suggested that there are actually two competing phases coexisting between 190 K and
200 K, where a tetragonal one prevails below 190 K. Q-broadened critical fluctuations
can be measured by moving slightly off the (0, 0, 10) Bragg position, however, it is
extremely weak. Scattering at (0.04,0.064,10) is shown in the bottom panel of Fig. 4.1,
and it displays a weak peak near T*, as expected for a continuous phase transition. This
broad scattering is measured in counts per hour, and it makes a negligible contribution to
the overall scattering around (0, 0, 10) above T* =194.3 K. It does, however, provide a
consistency check on the phase transition occurring at 194.3 K.

High-resolution measurements of the line shape of the (0, 0, 10) super lattice Bragg
peak, shown in Figure 4.2, reveal that almost all of the this scattering above T* =194.3 K
remains resolution limited; it is indistinguishable from the super lattice scattering below
194.3 K, albeit weaker in intensity. Figure 4.2 shows maps of the scattering at and around
the (0, 0, 10) super lattice position at temperatures of 185.7 K and 197.4 K. As indicated
by the arrows superposed on the order parameter shown in the bottom panel of Fig. 4.1,
these temperatures correspond to well below and well above T*. The 197.4 K data set
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Fig.4.2. High-resolution scans of the scattering at and near the (0,0,10)
superlattice Bragg-peak positions. They are shown for the temperatures
marked by arrows in the inset to Fig. 1. Data are shown in maps as a
function of sample rotation angle Ω and scattering angle 2θ. The two
diffraction features at 2θ values of ~97.7° and 98.07° are from Cu Kα1 and
Cu Kα2 radiations, respectively. The top of the linear color scale is different
for each dataset.
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definitely falls within the upward curvature regime of the temperature dependence of the
super lattice integrated intensity, and would normally be expected to be due to fluctuation
of the order parameter (OP) rather than due to the evolution of OP. As discussed above,
such critical scattering is expected to broaden in Q, and therefore in angular coordinates,
as the temperature increases beyond T*, indicating a finite and decreasing correlation
length. Such broadening is clearly not observed in this scattering above T*.

The anomalous nature of the line shape of the superlattice scattering above T* may be
due to ‘‘second length scale’’ scattering [8], which has often been observed in highresolution synchrotron x-ray experiments near phase transitions in crystalline materials. It
is not fully understood, but has been associated with the effect of near-surface quenched
disorder on the phase transition. The X-ray in the present measurements has a penetration
depth of the order of 10 µm (tens of thousands of unit cells) and is thus not particularly
surface sensitive. It may also be that this super lattice Bragg scattering is not the primary
order parameter for the phase transition near T*, but is a secondary feature, pulled along
by the true underlying phase transition. The anomalously slow growth of the (0, 0, 10)
super lattice Bragg peak at low temperatures also supports such an interpretation.

4.1.2 Lattice Parameters

We also carried out measurements of the principal Bragg peaks [which satisfy the (00h):
h=4n relation] at high scattering angle and in high-resolution mode. Scans along the
longitudinal direction, cutting through both Cu Kα1 and Cu Kα2 peaks of the (0, 0, 12)
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principal Bragg peaks, are shown in the right-hand panels of Figure 4.3 on a linear scale,
and in the bottom, left panel of Fig. 4.3 on a semi log scale. For comparison, similar
longitudinal scans through the superlattice (0, 0, 10) Bragg peaks are shown on a semi
log scale in the top left panel of Fig. 4.3. The datasets at the two temperatures that make
up both semi log plots on the left side of Fig.4.3 have been shifted slightly in 2θ and, in
the case of (0,0,10), scaled in intensity to allow for comparison.

A shoulder is clearly seen to develop on the high angle side of the (0, 0, 12) peaks as the
temperature is lowered below T*. This indicates a splitting of the cubic Bragg peak into a
line shape characterized by at least two different lattice parameters, and consequently
symmetry lower than cubic (likely tetragonal) in the low-temperature state below T*.

A similar splitting of the (0, 0, 10) super lattice Bragg peak is not observed. The super
lattice Bragg peaks do not exist above T* and thus we must compare super lattice data
taken below, but near T* with that taken well below T*. That is what is shown for both
the principal (0, 0, 12) Bragg peak and the super lattice (0, 0, 10) Bragg peak at
temperatures of 186 K and 15 K, respectively, in the left-hand panels of Fig. 4.3. At 186
K, the splitting is not yet evident in either the principal, (0, 0,12), or super lattice,
(0,0,10), Bragg peaks, but by 15 K it is clear in the principal Bragg peak, but not in the
super lattice Bragg peaks.
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Fig. 4.3. The longitudinal cuts taken through the (0,0,12) principal Bragg peak
position, well above and well below T*. The right hand panels shows longitudinal cuts
taken through the (0,0,12) principal Bragg peak position well above T* (bottom) and
well below T* (top). This data, on a linear scale, shows a clear shoulder on the high 2θ
side of both the Cu Kα1 and Kα2 peaks. The left hand panels show the superlattice
(0,0,10) (top) and principal (0,0,12) (bottom). Bragg peaks on a semi-log scale, at
temperatures just below and well below T*. Clearly, while the principal Bragg peaks
split on lowering the temperature, the super-lattice peaks do not.
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We fit the high-temperature data at (0, 0, 12) to a phenomenological form at 255 K,
assuming this to be the resolution limited line shape. We then fit (0, 0, 12) data at all
temperatures to a form assuming the superposition of two such line shapes, displaced
from each other in scattering angle (2θ). This protocol allowed us to extract peak
positions for each of the two peaks, giving the lattice parameters as a function of
temperature. This analysis assumes that only two lattice parameters are present at low
temperatures, that is, the low temperature structure is tetragonal. The data at 15 K in the
top right panel of Fig. 4.3 shows the quality of this fit, and clearly the description of
the data is very good. The resulting tetragonal lattice parameters as a function of
temperature are shown in Figure 4.4.

4.1.3 Discussion

The behavior of the lattice parameters as a function of temperature is striking. The cubic
lattice parameter displays the usual thermal contraction with decreasing temperature until
near T*. The splitting in the lattice parameters first develops near 200 K, with a 30-K
interval from ∼190 K to 160 K in which both lattice parameters increase with decreasing
temperature. This trend continues to lower temperatures for the larger of the two lattice
parameters, while the smaller turns over below ∼150 K and displays relatively weak
contraction to lower temperatures. At the lowest temperature measured, 15 K, the
maximum splitting in lattice parameter measured is ~ 0.005 Å or 0.05%. The (0, 0, 10)
Super lattice peak does not show any splitting, and the temperature dependence
associated with its periodicity is also shown in Fig. 4.4. It clearly follows the upper
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Fig.4.4. The temperature (T) dependence of the lattice parameters extracted from fitting
to the (0,0,12) principal Bragg peaks, along with the T-dependence of the superlattice
reflection (0,0,10). The error bars indicate uncertainties associated with the absolute
values of the lattice parameters.

branch of the two lattice parameters associated with (0, 0, 12) These results imply that the
low-temperature state below T* is likely twinned tetragonal, such that two of (0, 0, 12)
(0,12,0), and (12,0,0) have one lattice parameter, while the other has a slightly different
one. The fact that the super lattice peak displays no splitting implies that only the subset
of (0,0,10), (0,10,0), and (10,0,0), which follow the upper branch of the lattice parameter
vs. temperature curve shown in Fig. 4.4, exists. The other(s) is (are) systematically
absent. These observations allow us to discuss possible tetragonal space groups
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appropriate to the low-temperature state below T*. As the transition appears to be close
to continuous, we assume the low-temperature state to be a gradual distortion of the high
temperature cubic state, and thus the low-temperature space group should be a subgroup
of F d3 m. There are two body-centered subgroups of F d3 m, which, in the presence of
twinning, would split (0, 0, 12) and allow a single periodicity for (0, 0, 10). These are I 41
and I4122. In both cases the primitive unit vectors of the basal (a′-a′) plane are rotated by
45° relative to the unit vectors a of the high temperature cubic unit cell, and a′= a/√2.

We return now to the question of the anomalously strong temperature dependence of the
super lattice Bragg-peak intensity at low temperatures. In Figure 4.5 we compare the
temperature dependence of the (0,0,10) super lattice intensity with the difference between
the lattice parameters √2a’-a, taken from the analysis leading to Fig. 4.4. Fig.4.5 shows
clearly that the same anomalous temperature dependence is seen in both the super lattice
Bragg-peak intensity and in √2a’-a. This is certainly surprising as the super lattice Braggpeak intensity is associated with the square of the order parameter in most structural
phase transitions, while the difference in lattice parameter, √2a’-a, is most naturally taken
as the order parameter itself.

This result suggests that the temperature dependence of both the super lattice Bragg
intensity and the difference in lattice parameter are driven by the same physical origin, at
least at low temperatures. Over the temperature range from low temperatures until almost
100 K, both quantities are well described by I0 (1-BT2). This quadratic temperature
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Fig.4.5. The temperature (T) dependence of the lattice parameters extracted from
fitting to the (0,0,12) principal Bragg peaks, along with the T-dependence of the
superlattice reflection (0,0,10). From low temperature up to 100 K, both (0,0,10)
reflection and the lattice constant difference are well described by I0 (1-BT2).

dependence was fitted to the data and is shown in Fig. 4.5 as a solid line. The inset of Fig.
4.5 shows both the (0, 0, 10) Intensity and √2a’-a plotted as a function of the temperature
being squared. There is no doubt that the decay of both the difference in lattice parameter
and the super lattice intensity goes as T2 at low temperatures. As the low-temperature
resistivity of this material displays the Fermi-liquid behavior and goes like T2 to
temperatures as high as 60 K, an electronic origin for the low-temperature behavior of the
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evolving structure is very strongly suggested. Given that the electronic properties are
strongly correlated to the structural phase transition at T*, it is perhaps not so surprising
that such a strong correlation is evident at low temperatures as well.

So far, we cannot be more precise as to the low temperature space group. Nevertheless,
we have unambiguously shown the symmetry of the low-temperature state to be lower
than cubic, and that this cubic symmetry breaking is an essential feature of the phase
transition. The most likely scenario is that Cd2Re2O7 undergoes a cubic to tetragonal
phase transition, with the primary order parameter being the difference in lattice
parameters, given by √2a’-a. We note that we do not expect this splitting of the lattice
parameters to be evident in bulk measurements unless a single-domain sample can be
produced at low temperatures. We have also shown that the super lattice Bragg-peak
intensities display anomalously strong temperature dependence at low temperature, going
like I0 (1-BT2) at temperatures below ∼100 K. These results indicate a strong coupling
between the electronic properties and the evolving structure at all temperatures below T*
=194.3 K.

Finally, it is interesting to note that recent theoretical work may have anticipated such a
structural phase transition related to the underlying network of corner-sharing tetrahedral.
This work discusses the role of magneto elastic couplings in generating ‘‘order by
distortion’’ in pyrochlore antiferromagnets. Experimentally, Hiroi’s group has done
impressive works, regarding the low temperature structure of Cd2Re2O7 [11,12,13,14].
The results basically indicate the cubic-to-tetragonal symmetry lowering and probably a
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loss of inversion symmetry. More evidence points towards that the system is not strictly
cubic (or pyrochlore) when the superconductivity occurs!

4.2 Neutron Scattering

Although the neutron powder diffraction experiments on

114

Cd-enriched samples already

provides invaluable information on the O position and O’ deficiency at T= 250 K, as we
present in Part II, the lack of knowledge on low temperature structure prevents any
further structural refinement, especially on the important positioning of O. Figure 4.6
presents the powder diffraction pattern taken at T = 4 K, and refinement based on one of
the favored space groups I 41 2 2. Because the extra reflections brought in by the lowered
symmetry are mostly covered by the much strong reflections from Al can, no conclusion
is reached despite the fitting itself is good. For this purpose, we carried out the time-offlight neutron diffraction experiments on the isotopically enriched (114Cd 98.5%, isoflex)
single crystal samples at ISIS, UK. The crystal size is roughly 2×2×3 mm3, fairly equant
in shape and of high quality. Crystals were held onto a long necked Al rod, and then
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Fig.4.6. The neutron powder scattering pattern on

114

Cd (98.5% richness)-

enriched Cd2Re2O7 specimen taken at T = 4 K and refinement on I 41 2 2.
The reflections from Al specimen container are pre-excluded before
refinement. The measured pattern (cross), calculated one from refined
structure parameters (solid line), and difference (in the lower set) are
displayed. The refined structure is based on space group I 41 2 2.
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Fig.4.7. Pictures of sample holder (left), heat shield (middle) and detector banks
(right) taken at ISIS, UK. The eleven detector banks are disposed 6 equatorially (2
at +/-90°, 2 at +/-45 °, 2 at +/-135°), 4 at 45° around the bottom (below 90 degree
positions, and below 0 and 180 degree positions), and one at 90 degrees directly
below the crystal. Because of the detector overlap, redundancy is quite large.

attached to a copper cold tip on a closed cycle He refrigerator. The copper cold finger has
a BN cover to ensure it does not contribute any noise to the detectors. A heat shield was
used only for the measurements at 14 K. Figure 4.7 presents the pictures of the sample
holder, heat shield cover and detector banks.

Three 4 hour data sets were then individually collected at T = 14K, 130K, and 300K.
Care was taken to vary the temperature more slowly through the two phase transitions at
T*~ 200 K and T’~ 120 K. The time-of-flight instrumentation and a new PC-based
software lately developed by Matthias Gutmann, enables Laué patterns to be displayed
for any section and all the data in the reciprocal space is collected simultaneously. All the
reflections are temporarily indexed within cubic system, at an interval of ∆h=∆k=1 and
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Fig.4.8. Single crystal diffraction patterns taken on reciprocal plane (h,k,-10).
T=300 K (left), 130 K (middle) and 14 K right, with h,k ∈ [-10,+10] and
∆h=∆l=1.

∆l =0.1 between h,k,l ∈ [-10,+10]. Figure 4.8 presents the diffraction patterns on the
reciprocal plane (h,k,-10) taken at 14 K, 130 K and 300 K.

We examine the systematic absences to suggest the true space group possibilities. Again
the 300 K reflection pattern is found consistent with F d3 m and the structural
parameters agree well with what we obtained in part V (Table 2.2). Although
observations of the systematic absence violation clearly points towards a tetragonal
symmetry at lower temperature and an I-centered cell is heavily favored, the full
determination of structure is unsuccessful due to several difficulties. First, we have to
consider the possibility of intrinsic microscopic twinning: how each cubic crystal axis
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becomes the specific c-axis in the tetragonal one. In a sense we are facing either a single
one-domain tetragonal crystal sample or a mosaic of 12 variants of all possible tetragonal
orientations, the latter of which is probably the case. The micro-twinning scenario also
helps reconcile the discrepancy between the pronounced local distortion observed by Re
NQR and the trivial change in lattice parameter [12,13,14], Second, although utilizing
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Cd reduces the absorption of thermal neutron, the resonant absorption at a specific

nuclear energy level of 114Cd isotope, i.e., λ~ 0.7 Å, still substantially deteriorates the raw
dataset. In Figure 4.9, we present plot of the weighted residual difference between the
experimental data and model vs. inverse wavelength. In the ideal case, the data points
shall be randomly and evenly distributed above and below the y=0 axis, without showing
any wavelength-dependent structure/feature. However, a dip near λ~0.7 Å is clearly
observed for different modeling and temperatures. Therefore, we have to exclude as
many as 1/3 of reflections (~ 800 in the case of 14 K pattern) near dip to start an unbiased
trial. Third, the heat shield used at 14 K measurement gives rise to a few reflection rings,
one of them is right on top of some desired strong reflections (Figure 4.10). Further
analysis and new runs of experiments are under preparing.

119

Fig.4.9. The weighted residual difference vs. inverse wavelength for several trial
structures and temperatures. The horizontal reference (solid line) denotes the
ideal distribution line where residual difference should be evenly distributed
above and below without any wavelength dependence. However, the dip near 1.4
Å-1 persists, corresponding to the resonant absorption of 114Cd isotope.

120

Fig.4.10. The ring-like reflections from heat shield are
detected close to the origin of plane (0,0,-2.0).

4.3 Raman Spectroscopy

As Raman spectroscopy is an instructive technique on ruling out possible candidates of
low temperature space group and provides invaluable information on phonon (especially
after the isotopically enriched single crystal was proved to be not big enough for the
inelastic neutron scattering), Kenziora et al. carried out polarized Raman scattering
measurements on the oriented single crystal samples as a function of temperature [15]. At
room temperature, six Raman-active modes (A1g+Eg+4F2g) of cubic phase are resolved
and successfully assigned to relevant atoms (Table 4.1, left). The number of the phonon
modes expected for certain space groups is also predicted using group theory (Table 4.1,
right). Below T*, several vibration modes associated with distinct symmetry have been
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Table 4.1. The Raman-active modes assigned to relevant atoms for F d3
m (left), and predicted number of phonon for different space groups (right).

observed and compared with the expectations based on the cubic-to-tetragonal symmetry
change. Below 120 K, several new modes associated with a tetragonal-to-tetragonal
phase transition emerge. Figure 4.11 displays the temperature dependence of the phonon
modes A1g, T2g/B2g and Eg/B1g between 6 K and 300 K. As for the A1g branch, the strong
mode at ω~ 489 cm–1 is closed to the value of 463 cm –1 given in reference [16], and the
mode at 85 cm–1 is found soften below T*. Meanwhile, the T2g/B2g branch exhibits new
peaks below T* and split again with lowering temperature. Notably, the B2g modes at 215
and 200 cm-1 seem to challenge the most popular low temperature space group I 4 1 2 2
as observation gives 15 modes while the expectation is 7. On the other hand, the Eg/B1g
branch shows strong soft modes at 30 and 85 cm–1, where the former develops from ω=0
at low temperature and associated with the transition at T’, the later is associated with the
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Fig.4.11. T-dependence of the phonon modes A1g ( upper left), T2g/B2g (upper right) and
Eg/B1g (bottom left ) in Raman scattering spectra. T is between 6 K and 300 K, see
context for details.
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transition at T* (Figure 4.12). Generally speaking, A1g, T2g/B2g and Eg/B1g do not reach
self-consistent agreement for space group, except for the well known room temperature
one F d3 m. Band structure calculation based on proposed space group and latest
structural parameters is truly needed to match both frequency and strength of these
observations. An equally possible cause, as we mentioned in section 4.2, is microtwinning. Anyway, we list the space groups favored by different phonon mode braches in
Table 4.2.

As we can see, Raman spectroscopy itself favors two space groups I4 m 2 or I 41 2 2,
which enable us to try and see if one of them is more favored. Both single crystal and
powder neutron diffraction datasets at low temperature clearly prefer I 41 2 2 to I4 m 2,
though the R-factor is still lousy (~ 20% for single crystal data and ~ 7% for powder data)

Table 4.2. Space group favored by different phonon modes at different temperature.
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Fig.4.12. Eg/B1g branch shows strong soft modes at 30 and 85 cm–1. The 30 cm-1
mode develops from ω=0 at low temperature and associated with the transition at
T’ (left), the 85 cm–1 one is associated with the transition at T* (right).

in the refinement of the former one. The I 41 2 2 model is supported by structural study
[12] and consistent with Re NQR data [13]. We already present the powder pattern and
refinement using I 41 2 2 in Figure 4.1. We are fully aware that the final determination of
crystal structure at low temperature is still subject to the upcoming runs of single crystal
diffraction at ISIS.

4.4 Re-tetrahedron Distortion and Re-Re Bond Ordering

Nevertheless, it is quite exciting to see what that I 41 2 2 space group and refined
structure parameters tell us (Table 4.3 and Figure 4.13). Basically, I 41 2 2 present us a
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Fig.4.13. The distortion of tetrahedral unit (left, regular one at T = 250 K) to irregular
ones with chiral Re-Re bond configuration (right, T = 4 K). Number 1,2 and 3 represent
different bond length, input data are from Table 4.3.

Table 4.3 The structure parameters T=250 K and 4 K. We use trial space groups
F d3 m and I 41 2 2, respectively.
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“ferro-chiral” configuration of Re-Re bond ordering [12]. More supporting evidence for
such a comes from the Re NQR work done by Arai et al. [13] and our X-ray single
crystal diffraction (section 4.1), as the Re NQR data indicates pronounced deviation from
the cubic symmetry in spite of the trivial tetragonality of the lattice constant (<0.05%)
detected by X-ray diffraction. In describing pyrochlore structure in a tetragonal unit cell,
there are two options for tetragonal unit, say, “L” and “R”, which are related by inversion
with respect to a site. Significantly, O. Tchernyshyov, R. Moessner and S. L. Sindhi
(TMS) discussed the possible “spin-Peierls” phases in the pyrochlore Heisenberg
antiferromagnets, which exhibits B-B bond ordering rather than spin ordering on the Btetrahedral network [10]. In TMS model, the B tetrahedron undergoes a tetragonal
distortion along one of its three orthogonal symmetry axis, producing four stronger and
two weaker bonds, or vice versa. The lattice distortions (measuring by the B-B bond
length and caused by spin-lattice coupling in TMS model) with crystal moment q=0 are
classified as either even or odd, with respect to the inversion. For even modes, two
neighboring Re tetrahedral units are distorted in the same way, while for odd modes, the
distortions for “L” and “R” are staggered. The relevant phonons are Eg and Eu, which are,
respectively, uniform or staggered distortion of Re tetrahedral network. Therefore, the
odd modes ensure an equal number of “L” and “R” tetrahedral in each cubic unit cell,
leading to no appreciable change in lattice constant, which readily explain the apparent
discrepancy between the pronounced local distortion suggested by Re NQR measurement
and the trivial change of lattice constant found by X-ray diffraction.
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We are dealing with a novel type of structural transition: the internal symmetry change
associated with the alternation of Re-Re bonding takes the place of multiplying unit cell,
in a manifestly 3-D metal. The dominance of Re 5d band at DOS(EF) consequently leads
to the drastic change in DOS across the transition as well as the observed scaling
behavior, according to the “ioninc fluctuation near Peierls transition” model proposed by
P. Chandra [17]. The driving force for this novel transition is not the spin-lattice coupling
in TMS model, since Cd2Re2O7 is not a magnetic insulator, but could be a bond ordering
that lifts the energetic degeneracy of pyrochlore lattice. Another difference from the
conventional Peierls transition is the resultant state below the transition is better metal,
not the insulating state for most low dimensional systems. Such a model is promising but
still up to more experimental and theoretical verifications.
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PART V
SUPERCONDUCTIVITY
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Oxide superconductors with non-perovskite structures are rare, in particular among
pyrochlores with the general formula A2B2O7, no superconductivity has been reported in
the literature among hundreds of known members by 2001. Cd2Re2O7 is the first reported
to have superconductivity by Hanawa et al. [1]. At present, it is not clear why the
pyrochlore structure is unfavorable for superconductivity. Previous studies indicate that
the pyrochlores, like the spinels, are geometrically frustrated [2]. The effect of geometric
frustration on the physical properties of spinel materials is drastic, resulting in, for
instance, heavy-fermion behavior in LiV2O4 [3]. To understand the role of geometrical
frustration in pyrochlores and superconductivity, we shall investigate transport, magnetic,
and thermodynamic properties in the temperature range right above superconductivity.
On the microscopic side, the nuclear magnetic resonance (NMR) and Muon Spin
Rotation/Relexation (µSR) have been also carried out. Single crystals of Cd2Re2O7 used
in this study were grown using a vapor-transport method, the oxygen deficiency δ is ~
0.01-0.23 as detailed in Part II.

5.1 Re Nuclear Magnetic Resonance at Low Temperature

Even before the discovery of superconductivity, we have measured nuclear magnetic
resonance (NMR) spectrum and relaxation time on

185,187

Re with several field/frequency

sweeps on Cd2Re2O7, to characterize its low temperature (microscopic) structure. The
present experiments were done at 17 T superconducting magnet in Grenoble High
magnetic Field Laboratory, France, as a supplement to the initial 9 T experiment done at
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UCLA. In Cd2Re2O7, both isotopes

111

Cd and

113

Cd have spin ½, there fore no electric

quadrupole moment to interact with the electric field gradient (EFG) associated with the
crystal structure; on the other hand,

185

Re and

187

Re owns substantial quadrupole

moments and should have large interaction with the EFG, if present, in the sample. Due
to broad spectrum observed and the close gyromagnetic ratio γgm of 185,187Re, we can not
identify spectral features differentiate these two isotopes. A π/2-π pulse sequence with
phase cycling is applied to eliminate the artifacts after the second pulse, the optimal echo
signal is obtained using duration of π/2 pulse ~ 1.0 µs.

Figure 5.1 shows the spectra of 185,187Re obtained at θ = 0, f =119.975 and 109.785 MHz,
T = 1.5 K (right upon the onset of superconductivity), H= 2-16 Tesla. In this broaden
excitation pattern, those peaks 1-2 Tesla from central transition can be qualitatively
attributed to the quadrupolar spectra associated with four nonequivalent Re sites in the
presence of external magnetic field. As the low temperature structure is not clear, we do
not know such non-equivalence is introduced by the applied field or the Re sites
themselves are crystallographically non-equivalent. Anyway, the axes of their EFG seem
to be aligned differently, possibly due to the unequal occupation of t2g manifold of 5d
electrons. Increasing the frequency shifts the whole spectrum to lower field (~ 1.04
Tesla), which corresponds to the shift expected of the close γgm of

185,187

Re. The nearly

overlap of the two spectra confirms our assignment to the Re NMR signals. Setting θ =
50 ° basically produces the identical spectrum and hence confirms our above arguments.
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Fig.5.1. The spectra of

185,187

Re obtained at θ=0, f =119.975 and

109.785 MHz, T=1.5K, H=2-16 Tesla on Cd2Re2O7.

The result of few exploratory measurements on Re spin-lattice relaxation time (T1) and
Re spin-phase relaxation time (T2) is shown in Figure 5.2. The most important characters
of (1/T1) are its temperature (T) dependence and large value. As far as the four data
points between 1 K and 4 K indicate, (1/T1)∝T, fairly close to that predicted by Korringa
relation which is the typical relaxation behavior of conduction electrons in metal. More
data points are needed to reliably establish the T-dependence. The value of T1T is
estimated ~ 7.2 × 10-3 sK after appropriate corrections due to the magnetic relaxation of
the central transition of a spin 5/2 system, which is smaller than that of Re metal, ReO3
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Fig.5.2. T-dependence of the Re spin-lattice relaxation time (T1), Re spin-phase
relaxation time (T2), comparing with Korringa Relation (broken line).

and

113

Cd in Cd2Re2O7 [4]. The large value of (1/T1) can be caused by several

mechanisms. After ruling out some mechanisms by our experiments and models not
discussed here, few promising mechanisms deserves further investigation. One possibility
is the heavy electron enhancement of the density of state at Fermi surface and the heavy
electrons are confined to the Re sites (Cd sites are not affected); the other is the collective
antiferromagnetic (AFM) fluctuations which structure factor strongly favors Re site or
simply the valence fluctuation of Re ions.

If Cd2Re2O7 is a conventional meal, its T2 is expected to be substantially large than that
in Re metal. From the optimization of the pulses used for Cd T1 measurement, we
estimated the T2 for Cd spin is in the range of 400-800 µs, in other words, much longer
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than that of Re spin. However, a large value of T2 for Re is not observed in spite of the
huge inhomogeneous broadening suggests that there might be relatively slow local
magnetic or quadrupolar fluctuations in the temperature range we investigated. Slow is in
the sense that it is the power spectrum at frequency ~ (1/T2) most effectively reduces T2.

The zero-field Nuclear Quadrupole Resonance (NQR) on Re and NMR on Cd done by
Vyaselev et al. revealed no charge or magnetic ordering at low temperature (T<<T*) but
found asymmetry of electric field gradient around Re site [5]. The broad excitation
spectrum of Re NMR signal makes the low temperature NQR data more conclusive.

5.2 Transport and Thermodynamic Studies on Superconductivity

Although Cd2Re2O7 was synthesized in 1965 [6], its physical properties remained almost
unstudied except for specific heat measurements below 20 K [7]. Careful measurements
of electrical resistivity, Hall effect, specific heat, and magnetic susceptibility of Cd2Re2O7
single crystals indicate that there are at least two phase transitions below room
temperature: one near 200 K [8,9] and another around 1.5 K. In present section, we shall
focus on the latter one. Both resistivity and ac susceptibility indicate a superconducting
transition at Tc=1.47 K. The superconducting critical field, obtained from the resistive
transition, reveals approximately linear temperature dependence. Associated with the
superconducting transition, the specific heat exhibits a peak with jump ∆C=37.9 mJ/molK. Above Tc, the Hall coefficient is negative, reflecting electron dominated conduction.
Both resistivity and Hall angle data exhibit T2 dependence when approaching Tc from
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high temperatures. The T2 behavior of the resistivity and the values of the KadowakiWoods ratio A/λ2 and the Wilson ratio suggest that the ground state of Cd2Re2O7 is a
correlated Fermi liquid.

Figure 5.3 shows the temperature dependence of the ac susceptibility from a Cd2Re2O7
single crystal, performed by using a mutual inductance technique at an applied field of H
~1 Oe and a frequency of f = 1 kHz. The real part, χ’, reveals a large diamagnetic signal
below 1.15 K, marking the superconducting transition. Below 0.75 K, χ’ is flat,
indicating that the superconducting transition is complete. We noticed that χ’ was not
saturated down to 0.3 K in polycrystalline Cd2Re2O7 [10].

Using a standard four-probe method, the dc electrical resistivity of Cd2Re2O7 has been
investigated. Shown in Figure 5.4 is the temperature dependence of the electrical
resistivity ρ between 0.3 K and 10 K at zero magnetic field. Associated with the
diamagnetic transition, r also departs from high temperature behavior at 1.5 K and
decreases abruptly to zero at 1.15 K, corresponding to the onset of diamagnetism. The
resistivity varies from 10 to 90% of the normal-state value ρN over a range of
approximately 0.25 K.
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Fig.5.3. T-dependence of the ac susceptibility (real part) of
Cd2Re2O7 single crystal.

Fig.5.4.

Temperature-dependence

of

the

resistivity

of

Cd2Re2O7. The superconducting transition is indicated. The
inset shows the resistivity curve between 2 and 64 K plotted as
ρ vs. T2. The solid line is a fit to experimental data between 2
and 60 K using ρ=ρ0 +AT2.
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Both resistivity and ac susceptibility measurements establish a superconducting
transition with the onset transition temperature Tconset ~1.47 K and a transition width ∆Tc
=Tc (90%) –Tc (10%) = 0.25 K for our Cd2Re2O7 single crystals, confirming the recent
discovery [10]. As illustrated in the inset of Fig. 4.3, by applying a magnetic field H
perpendicular to the current i (H┴i), the resistive transition shifts to lower temperatures.
The transition width becomes wider with increasing H, a characteristic of type-II
superconductivity. We may define a resistive transition temperature Tc(H) that satisfies
the condition that ρ (Tc, H) equals to a fixed percentage p of the normal-state value ρN for
each field H. The values of Tc(H) for p = 10, 50, and 90% are shown in the main frame of
Figure 5.5, represented by the upper critical field Hc2 (T). In all cases, we find that Hc2 (T)
depends more or less linearly on T with no sign of saturation down to 0.3 K (see the solid
lines). The slope dHc2 /dT│T=Tc = -0.56 T/K for p=10%, -0.62 T/K for p=50%, and -0.83
T/K for p=90%. In the conventional BCS picture, Hc2 is linear in T near Tc0 and saturates
in 0 K limit. Deviation may occur in the presence of strong impurity scattering [11]. In
this case, the Werthamer-Helfand-Hohenberg (WHH) formula10 is often used to describe
the temperature dependence of Hc2 with Hc2 (0)=-0.693 Tc(d Hc2 /dT)│T=Tc The dashed
lines in Fig. 4.3 are the results of fitting Hc2 (T) to the WHH formula, yielding Hc2
WHH

(0)=0.48 T for p =10%, 0.57 T for p=50%, and 0.84 T for p=90%. Note that at lower

temperatures Hc2 (T) no longer follows the WHH expression, particularly for p=10 and
50 %. This suggests that the actual Hc2(0) is larger than Hc2WHH(0). To find out whether
Hc2 (T) continuously increases in a linear fashion or eventually saturates, resistivity
measurements at lower temperatures and higher magnetic fields are in progress.
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Fig.5.5. T-dependence of the upper critical field Hc2 deduced from the
resistivity measurements. It is measured at 90% (open circles), 50%
(solid circles), and 10% (cross) of the normal-state value ρN. The dash
lines represent the WHH approach (see the text). The solid lines are
the linear fit to experimental Hc2(T). The inset shows the temperature
dependence of resistivity at H= 0, 0.1, 0.2, 0.3, 0.4, and 0.5 T.
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Nevertheless, assuming Hc2 (0)= Hc2WHH (0), we may estimate the superconducting
coherence length ξGL using Ginzburg-Landau formula ξGL =(Ф0/2πHc2)1/2, where
Ф0=2.07×10-7 Oe cm2. This results in the zero-temperature coherence length ξGL (0)=263
Å for p=10%, 240 Å for p=50%, and 198 Å for p=90%.

Is Cd2Re2O7 indeed a dirty superconductor? To address this issue, we need to compare
the mean-free path l with Pippard coherence length ξ0=hvF /π∆(0), where vF is the Fermi
velocity and the zero-temperature energy gap ∆(0) =1.764 kBTc according to the BCS
theory. Information about l and ξ0 may be obtained from Drude relation l=h (3 π 2)

1/3

/e2

ρ0n2/3 and ξ0=h2 (3π2n) 1/3/1.764πmkBTc, where m is the electron rest mass, n is the carrier
density, and ρ0 is the residual resistivity at 0 K at which the scattering is essentially from
impurities. In analyzing the data above Tc, we found that the resistivity exhibits quadratic
temperature dependence over a wide temperature regime. Shown in the inset of Fig. 5.4 is
the plot of ρ vs. T2 between 2 and 64 K. Note that ρ varies approximately linearly with T2
below 60 K. By fitting the resistivity data between 2 and 60 K using a formula ρ =
ρ0+AT2, we obtain the residual resistivity ρ0=17µΩcm and constant A=0.024 µΩcm/K2.
As illustrated in the inset of Fig. 4.4 by the solid line, the above formula fits the
experimental data very well. This indicates the importance of the Umklapp process of the
electron-electron scattering at low temperatures and is consistent with the formation of a
Fermi-liquid state. The extrapolated residual resistivity of our crystals is approximately
235 times lower than that for polycrystals [10], reflecting a much lower level of
impurities in our single crystals. Interestingly, there is little difference in Tc. We recall
that the superconductivity in Sr2RuO4 is completely suppressed as ρ0 exceeds ~ 1µΩcm
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[13]. This suggests that the impurity effect on superconductivity in Cd2Re2O7 is much
weaker than in Sr2RuO4. To assess the carrier density n, we have performed Hall effect
measurements. Using the standard four-point technique, the Hall component was derived
from the anti-symmetric part of the transverse resistivity under magnetic field reversal at
a given temperature. As displayed in Figure 5.6, the Hall coefficient RH is T dependent
and has negative sign below 100 K. This suggests that the Fermi surface of Cd2Re2O7
may contain several sheets and electrons dominate the electrical conduction.
Nevertheless, the T2 behavior of the Hall angle cot θH (see the inset of Fig. 5.6) at low
temperatures suggest that both longitudinal and transverse transport properties are
controlled by the same scattering, unlike the high-Tc cuprate materials [14]. Using the
simple Drude relation, we estimate n = -1/eRH ~ 7×1021 cm-3 for T ~ 5 K. (We are aware
that the simple Drude relation may not hold if the Fermi surface of Cd2Re2O7 consists of
multi-bands. Inserting the estimated n and ρ0, we obtain l ~ 204 Å and ξ0 ~ 6365 Å. Since
ξ0 is much larger than l, Cd2Re2O7 is in the dirty limit.

Given the values of l and ξ0, we may also estimate the GL coherence length ξGL(0) using
ξGL(0)~ 0.855(ξGL(0)l)1/2 for dirty superconductors [15]. This relation yields ξGL(0) ~ 927
Å, a few times larger than that obtained from Hc2WHH(0). There could be several reasons
to cause the discrepancy. One possibility is that the slope dHc2/dT T=Tc is unexpectedly
large, which results in large Hc2WHH(0) and consequently small ξGL(0). As mentioned in
reference [10], the large value of dHc2/dT T=Tc may imply that the Cooper pairs are
composed of heavy quasi-particles since it is proportional to the effective mass m* [16].
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Fig.5.6. T-dependence of Hall coefficient RH and Hall angle cot θH. T is
between 5 and 100 K. The inset shows Hall angle cot θH vs. T2 (open
circles). The solid line is the linear fit of experimental data between 2
and 40 K.

Given the fact that the effective electron mass is significantly enhanced due to geometric
frustration in LiV2O4 [3], it is not surprising that such effect also plays a similar role in
Cd2Re2O7. Further evidence for heavy quasi-particles can be found from specific heat
data.

The specific heat of Cd2Re2O7 was measured using a relaxation calorimeter, where the
contribution from the ad addenda has been carefully subtracted. Figure 5.7 shows the
temperature dependence of specific heat between 0.4 and 2.0 K. Note that the specific
heat reveals a pronounced peak associated with the superconducting transition,
confirming the bulk nature of the superconductivity. At the midpoint of the transition
Tcmid ~ 0.99 K, we determine the specific heat jump ∆C~37.9 mJ/mol-K. In the weak
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Fig.5.7. The T-dependence of specific heat of Cd2Re2O7 between 0.3 and 2.0 K. The dash
line is the fit of experimental data to C= e-b/T + bT3 using b value extracted from the
normal-state specific heat data. The inset shows specific heat C versus T above Tc plotted
as C/T against T2. The solid lines (in both the inset and main panel) are the fit of
experimental data to C= aT + bT 3 between 1.2 and 6.2 K.

coupling limit, DC is expected to approach 1.43 γTc [15] where γ is the Sommerfeld
coefficient and can be obtained from the normal-state specific heat. An expression of the
form C = γT + βT3 is usually used to describe the specific heat data at temperatures well
below the Debye temperature θD, i.e., T<<θD, where β=N(12/5)π4RθD-3, R = 8.314 J/molK and N=11 for Cd2Re2O7. The T-linear term comes from the electronic contribution (Ce)
and the T3 term arises from the lattice contribution (Cl). By plotting our specific heat data
as C/T vs. T2 as shown in the inset of Figure 5.7, a linearity is clearly seen below ~ 6.2 K.
We fit the data between 1.2 and 6.2 K using the above formula and obtain γ~ 29.6
mJ/mol-K2 and θD ~ 397 K, slightly higher than those given in reference [6]. This leads
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that ∆C/γTc

mid

~1.29, close to the weak coupling BCS result. In the framework of the

BCS theory, the superconducting-state electronic specific heat Ces(T) is expected to decay
exponentially with T, i.e., Ces = ae–b/T (a and b are T independent constants). As can be
seen in Fig. 5.7, the BCS formula (dashed line) describes our experimental data very well
down to 0.4 K with a=0.307 J/mol-K and b=1.52 K. However, in the absence of the data
at lower temperatures (T<0.3 K), it is not clear whether or not Cd2Re2O7 is a BCS-type
superconductor.

In comparison with other pyrochlores [2,16,17] the γ value for Cd2Re2O7 is quite large. A
large electronic specific heat at low temperatures is usually observed in correlated Fermiliquid systems like heavy-fermion materials [3,18–20] and Srn+1RunO3n+1 series [21,22]
due to an effective mass enhancement. It is known that for such systems, the KadowakiWoods ratio A/γ2 is expected to approach the universal value A/γ2 = 1.0×10-5
µΩcm/(mJ/mol-K)2 [18-20]. For Cd2Re2O7, we obtain A/γ2 = 2.7×10-5 µΩcm/(mJ/molK)2 , very close to that found for the heavy fermion compound UBe13 . The consistency
of A/γ2 value with the universal description suggests that the electrons are strongly
correlated in Cd2Re2O7. In such a system, the Wilson ratio RW = π2kBχspin/3µB2γ is
expected to be greater than one, where χspin denotes the spin susceptibility, kB is the
Boltzmann’s constant and µB is the Bohr magneton. According to our dc susceptibility
data presented in reference [9], we estimate that χspin =4.63×10-4 emu/mol at low
temperature. This gives that RW ~1.3, well exceeding the unity value for a free electron
system.
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In summary, from transport and ac magnetic susceptibility measurements, we confirm the
superconducting transition with Tconset =1.47 K in Cd2Re2O7 single crystals. The bulk
nature of the superconductivity has been confirmed by the specific heat jump across Tc.
The ratio ∆C/ γTcmid is close to the weak coupling BCS value. However, the almost linear
temperature dependence of resistive critical field cannot be described by the WHH
formula for a dirty superconductor. The T2 dependence of the resistivity, the large values
of dHc2 /dT T= Tc and the Wilson ratio, and the value of A/γ2, all suggest that the electrons
in Cd2Re2O7 are strongly correlated with the enhanced effective mass, resulting possibly
from geometric frustration.

5.3 Muon Spin Rotation/Relexation

Above, Cd2Re2O7 has been shown to exhibit bulk superconductivity at Tc ~1 K and
several features of a type- II superconductor with Hc1 less than 0.002 T and estimated
upper critical field, Hc2, ranging from 0.2–1 T [1, 10, 23]. None of the measurements
reported until now extend below 0.3 K (T=Tc~0.3); hence, little can be concluded about
the order parameter symmetry in this system. An exponential form of the specific heat as
T→ 0 was speculated by Hanawa et al. [1], but they point out that measurements to lower
temperatures are clearly needed. We report measurements [24] on Cd2Re2O7 below 300
mK, temperatures necessary (for Tc ~ 1 K) to extract information about the
superconducting order parameter symmetry. We have performed transverse-field (TF)
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and zero-field (ZF) muon spin rotation (µSR) measurements on single crystal samples of.
Cd2Re2O7. The ZF-µSR measurements reveal very small internal magnetic fields
characteristic of nuclear dipoles, indicating no significant electronic magnetism either
above or below Tc. The TF-µSR results provide the first measurement of the internal field
distribution in the vortex state in this material. In particular, temperature dependent
studies from 20 mK to 4 K indicate a penetration depth which levels off as T → 0,
suggestive of a fully gapped Fermi surface with a rather large zero temperature value of
the penetration depth, λ(0)~ 7500 Å.

µSR has proven to be a very effective probe in the study of superconductivity [25]. In
particular, TF-µSR provides a measure of length scales associated with type-II
superconductors, the penetration depth λ, and vortex core radius r0 [25]. In a TF-µSR
experiment, spin polarized muons, with polarization perpendicular to the applied
magnetic field direction, are implanted in a sample at a location which is random on the
length scale of the vortex lattice. The muon precesses at a rate proportional to the local
magnetic field providing a measure of the local field distribution. The vortex lattice
results in a spatially inhomogeneous field distribution and a resulting muon spin
depolarization. Early TF-µSR measurements assumed a Gaussian distribution of
magnetic fields where the penetration depth is directly obtained from the Gaussian
depolarization rate, σ~1/λ2. This approximation is reasonable for the case of
polycrystalline samples but has been shown to be inadequately close for the single
crystals [25]. In the single crystal case, a Ginzburg-Landau (GL) model for the magnetic
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field distribution has been developed. In this model, the size of the vortex core is
determined by the applied magnetic field, H, and the GL coherence length normal to the
applied field, ξGL, while the penetration depth provides the length scale of the decay of
the magnetic field away from the vortex core. The field distribution is calculated from the
spatial distribution of the magnetic field [26],

where u2=2ξ2GLG2(1+b4)[1-2b(1-b2)], and K1(u) is a modified Bessel function, G is a
reciprocal lattice vector of the vortex lattice, b = H/Hc2 is the reduced field,Φ0 is the flux
quantum, and S is the area of the reduced unit cell for a hexagonal vortex lattice.

Three samples with an approximate surface area of 5×5 mm2 each were mounted using
low temperature grease with the cubic (100) direction parallel to the applied magnetic
field direction. They were mounted on intrinsic GaAs to eliminate any precession signal
at the background frequency [27] from muons, which miss the sample and would
otherwise land in the Ag sample holder. The samples were covered with 0.025 mm Ag
foil that was bolted to the sample holder to ensure the temperature uniformity. The TF
and ZF-µSR measurements were performed in an Oxford Instruments dilution
refrigerator on the M15 beam line at TRIUMF at temperatures from 20 mK up to 4 K.

Given the estimated critical field values, we selected a field of 0.007 T and the
temperature dependence was measured by field cooling the sample to ensure a uniform
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flux line lattice. Figure 5.8 (a) and (b) show typical µSR spectra in a transverse field of
0.007 T, for temperatures above and below Tc, respectively. Examination of this data
clearly shows an enhanced depolarization rate on entering the superconducting state
resulting from the inhomogeneous field distribution of the flux line lattice. This
represents the first experimental observation of the vortex lattice in Cd2Re2O7, providing
clear evidence that this material is a type-II superconductor. Typical ZF spectra are
shown in Fig.5.8(c) for temperatures above and below Tc. The ZF relaxation is quite
weak, considering the large Re nuclear moments but, strangely, the form looks more
exponential than Gaussian. One possibility is that there are multiple muon stopping sites
with varying distance to the Re nuclear moments. The solid line in Fig.5.8(c) assumes
two muon sites, describing the muon spin relaxation by a Gaussian distribution of static
internal fields at each site, a so-called Kubo-Toyabe function [28]. The second moment
of the distribution is given by ∆2/γµ2, where γµ2 is the muon gyro magnetic ratio. Average
values are given in Fig. 5.8. An exponential form for the relaxation could also be due to
fluctuating electronic moments, as has recently been reported in reference [29]. However,
in that case, an increase in TF line width with applied magnetic field would be
anticipated.

There is also a slight increased in the apparent relaxation function below Tc. This is most
likely not a real change in the internal field but rather the result of a small stray magnetic
field along the muon polarization, which is Meissner, screened below Tc. In any event,
the change in the relaxation function below Tc in ZF is much too small to explain the TF
line broadening. Therefore, the increase in TF line broadening below Tc is attributed
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Fig.5.8. The transverse field (TF) and Zero field cooling (ZFC) µSR spectra on
Cd2Re2O7 at different temperatures Typical µSR spectra in Cd2Re2O7 obtained in a
transverse magnetic field of 0.007 T at temperatures of (a) T=1.5 K (above Tc) and (b)
T=100 mK (below Tc). Typical ZF muon data are shown in (c) at several temperatures
above and below Tc. The solid lines in (c) represents a fit to two Kubo-Toyabe
functions as described in the text. Averaging over both muon sites, ∆=0.114,0.133 and
0.144(7) µs-1 at 3, 0.5, and 0.1 K, respectively.
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entirely to the vortex lattice.

The solid lines shown in Fig. 5.8(a) and (b) represent fits of the individual time spectra to
a sample signal consisting of a Gaussian envelope with fixed asymmetry and a
background signal with fixed line width and asymmetry. The background, from muons,
which miss the sample and land in the heat shields, was obtained independently by
performing measurements with the sample removed. The resulting sample line width, (, is
shown in Fig. 5.9 as a function of temperature. As one can clearly see, the magnitude of
the depolarization rate as T~0 is very small, saturating at a value of about 0.1 µs-1. The
residual line width from nuclear dipoles, taken from the data above Tc, is very small in
Cd2Re2O7 (about 0.03 µs-1), allowing for clear observation of the line broadening
associated with the flux line lattice.

As shown in Equation (1), the field distribution depends on both the penetration depth
and the GL coherence length. The GL coherence length can be obtained from the upper
critical field, ξGL = (Φ0/2π/Hc2)1/2. As mentioned above, a range of values for Hc2 have
been reported and, consequently, to provide a self-consistent measurement of λ, the field
dependence of the line width was measured. To account for any instrumental field
dependence in the line width, measurements were made above the transition temperature
(2 K) at each field after which the sample was field-cooled to 100 mK. The measured line
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Fig.5.9. Line width parameter σ as a function of temperature in a transverse
magnetic field along the (100) direction. The transverse magnetic field is 0.007 T
applied along the (100) direction. It approaches zero at a field of 5 kOe, our estimate of
Hc2 (T→0), and is consistent with measurements on other samples.

width in the normal state was subtracted in quadrature from that observed at 100 mK and
the results are plotted in Fig. 5.10. The corrected line width σFC decreases almost linearly
with applied field, which is attributed to the linear increase in the volume taken up by the
vortices. It approaches zero at a field of 5 kOe, our estimate of Hc2 (T→0), and is
consistent with measurements on other samples.

Using the corresponding ξGL~260 Å, and Equation (1), we obtain the temperature
dependent penetration depth shown in Fig.5.11. As expected from the small values of line
width, at the base temperature we observe a rather large value of the penetration depth,
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Fig.5.10. Line width parameter σFC at 100 mK. It shows σFC as a function of
magnetic field applied along the (100) direction. The normal state contribution has
been subtracted as described in the text. Measurements were taken at a temperature
of 100 mK.

Fig.5.11 Penetration depth as a function of temperature in a magnetic field of 0.007 T
applied parallel to the (100) direction. The solid line is a fit to Eq. (2) and the dashed line
is a fit to Eq. (3).
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λ(0)~7500Å. We note that this is significantly larger than most oxide superconductors
where values ranging from 1000–2000 Å are typical [30,31]. As is clearly seen in Fig.5.9
and 5.11, the line width and penetration depth, respectively, become temperature
independent for T < 0.4 K, consistent with a fully gapped Fermi surface. Consequently,
we conclude that the superconducting order parameter in Cd2Re2O7 is consistent with a
nodeless energy gap suggesting either s-wave symmetry or exotic pairing symmetries,
such as p-wave, which can also exhibit a fully gapped Fermi surface. For comparison, the
solid line in Fig. 5.11 represents fits to the two-fluid approximation,

while the dashed line in Fig.5.11 is a fit to the BCS temperature dependence,

where ∆(0) =1.74(11) K.

The London penetration depth, λ, provides a direct measure of the ratio of
superconducting carrier concentration to effective mass, ns/m*,

where ξ0 is the Pippard coherence length, and l is the mean-free path. There is
considerable uncertainty in estimations of the mean-free path with reported values
ranging from 200–700 Å [23, 32], and it is unclear whether Cd2Re2O7 is a superconductor
in the clean or the dirty limit. If the material is in the clean limit (ξ0/ l<<1), the present
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results provide strong evidence for a fully gapped Fermi surface and we estimate a value
of nsme/m* ~ 5.0 ×10-25 m-3 using Eq. (4) and the measured penetration depth. On the
other hand, if l~ 200 Å (i.e., the dirty limit), then we obtain ξ0~ 470 Å and nsme/m* ~ 1.4
×10-26 m-3. Clearly, precise determination of the mean-free path for Cd2Re2O7 is needed to
allow accurate quantitative information to be extracted. Recently, Brandow proposed
Cd2Re2O7 is within the “Uemura band” and hence an exotic superconductors” [33]. By
the argument therein, the exotic superconductors are defined as those that follow the
phenomenological trend by Uemura (Tc~ 1/λL2), which namely covers the most broad and
general class of superconductivity.

In conclusion, we have performed µSR studies of the superconducting state in the
recently discovered pyrochlore superconductor, Cd2Re2O7. Zero-field measurements
indicate no significant magnetism in this superconductor, suggesting that magnetic
frustration does not play a direct role in the superconductivity. Transverse-field
measurements show that Cd2Re2O7 is a type-II superconductor with an order parameter
consistent with a fully gapped Fermi surface and a zero temperature penetration depth of
~7500 Å. However, considering that the superconductor may be in the dirty limit,
spectroscopic techniques, which directly measure the density of states, would be required
to confirm this conclusion.
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PART VI

THE POSSIBLE IMPERFECTION-DRIVEN PHASE TRANSITION
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The second-order phase transition occurring at T* = 200 K is signified by anomalous
behaviors in thermodynamic, magnetic, and transport properties, including resistivity (ρ),
susceptibility (χ), specific heat (CP), and Hall coefficient (RH) [1-4]. This transition is
also accompanied by a structural transition from the ideal cubic to a tetragonal structure
[5-8]. Though it has been suggested that the fluctuation effects associated with the
frustrated lattice structure may be directly responsible for the anomalous behaviors [4], a
clear microscopic origin for the observed phase transition is yet to be identified.

6.1 Early Work on the phase transition at T’

Although the physical property changes are much pronounced across T*, a weak kink has
been noticed at ambient 120 K in previous measurements [4]. Later on, Hiroi et al.
reported more details and claimed it to be the second normal state phase transition [5]. In
Figure 6.1, we present 4 figures duplicated from reference [5], regarding the relevant
anomalies in resistivity, specific heat, transverse magnetoresistance and X-ray single
crystal diffraction, respectively. In X-ray diffraction, extra reflections forbidden for the
undistorted pyrochlore structure (F d3 m), e.g. (0 0 6) and (0 0 10) have been observed
below T* and gradually gained their intensity with lowering temperature. And other
fundamental reflections, e.g., (2 6 2) and (0 0 8) underwent anomaly at T’. Meanwhile,
the anisotropy of magnetoresistance along different crystal axis and its temperature
dependence suggested a significant change in Fermi surface occurs successively for T* to
T’. The structural change seems quite small and accompanied by only minor change in
transport and thermodynamic properties. It is informative that both T* and T’ decrease
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(a)

(b)

(d)

(c)

Fig.6.1. The anomalies in resistivity(ρ), specific heat(Cp), magnetoresistance

(∆ρ/ρ)

and structure near T’. (a) The thermal hysteresis loop near T’ in resistivity ρ; (b) anomaly
in specific heat C at T*; (c) magnetoresistance ∆ρ/ρ along (001) (110) and (111); (d)
reflections (006) and (00 10) forbidden for F d3 m have been detected at low
temperature. (from reference [5])
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with pressure and the superconducting Tc reaches the maximum when T’ approaches zero
[5]. These results raise the interesting possibility that the superconductivity may be
affected by the successive structural transitions, which are driven by instabilities to
remove the high degeneracy of the electronic states inherent to the pyrochlore structure.

As we know, nuclear magnetic resonance (NMR) and nuclear quadrupole resonance
(NQR) are excellent microscopic probes for both the structure and the electronic
properties. The previous NQR measurements [6] on

185,187

Re nuclei in Cd2Re2O7 have

established weak-coupling BSC behavior with a nearly isotropic gap in the
superconducting state as well as the lack of threefold rotation symmetry at the Re sites,
pointing to a non-cubic structure below T’. A later Re NQR measurements in a wider
temperature range up to 160 K revealed more microscopic details on the transition at T’
[7]. A cubic-to-tetragonal structural distortion is hence proposed and the first order
nature of transition at T’ is confirmed. Interestingly, an “odd” mode [8] of microscopic
tetragonal distortion is hence proposed, as it was found that deviation from cubic
symmetry is pronounced, in contrast to the trivial splittance in X-ray diffraction [9,10].
Figure 6.2 shows (a) the sharp Re NQR line at 5 K, implying no magnetic or charge
ordering (from reference [6]) and (b) temperature dependence of the asymmetry of
electric field gradient (EFG) at Re site (from reference [7]).
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Fig.6.2. The NQR lines from 185,187Re, and the temperature (T) dependence of the
axial asymmetry of electric field gradient at Re site and NQR frequency (a) The
NQR lines from

185,187

Re taken at 5 K completely rule out any magnetic ordering

and non-uniform charge distribution of 5d electrons. (from reference [6]); (b)
temperature dependence η and νQ (individually stands for the axial asymmetry of
electric field gradient at Re site and NQR frequency) (from reference [7]).

Indeed, we have measured the bulk properties of Cd2Re2O7 single crystals used in this
study. As shown in Fig.6.3, both the electrical resistivity (ρ) and specific heat (CP)
exhibit rather smooth variations near T’ with no indication of phase transition. Though its
derivative (dρ/dT) reveals a dip (see the inset of Fig.6.3), the resistivity shows no thermal
hysteresis near T’ via cooling and warming at a rate of 0.05 °C/min. While characterizing
more than 30 single-crystal samples grown in various conditions, we did not observe any
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Fig.6.3. T-dependence of (a) the electrical resistivity (ρ), (b) specific heat (CP) and a ball
model of Cd2Re2O7. The insets show dρ/dT vs. T and a ball-model [5] of the cubic
pyrochlore structure of Cd2Re2O7 and the solid line indicates a possible (111) surface
termination. The two phase transitions at T* ~200 K and T* ~120 K are indicated by
dρ/dT vs. T.
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sign of the first-order behavior; our thermoelectric power and thermal conductivity
unambiguously confirmed the existence of that phase transition at T’ [11].

6.2 Scanning Tunneling Spectroscopy and Photoemission Study

In order to understand the intriguing properties in the normal state of Cd2Re2O7, we have
studied the evolution of the electronic density of states (DOS) near the Fermi energy (EF)
using both scanning tunneling spectroscopy (STS) and high-resolution photoemission
(PES). Surprisingly, we find that the measured DOS near EF shows a much greater
change across T’ than T*, in character opposite to the thermodynamic and transport
properties. We suggest that the increase of DOS below T’ is related to the effects of
crystal imperfections enhanced at the surface. Based on our results, we argue that the
transition at T’ is likely driven by crystal imperfections.

6.2.1 Sample Preparations

Because of the particular structure (see the inset of Fig.6.3), the single crystals of
Cd2Re2O7 do not cleave naturally. The surfaces for this study were the as grown surfaces
cleaned either simply with ethanol shortly before they were introduced into the ultrahigh
vacuum or with cleaning procedure by cycles of 1 KeV Ar+ ion sputtering and annealing
to 500° C. The base pressure was 2 × 10−10 Torr. The surface structure was determined by
low energy electron diffraction (LEED) while surface morphology and tunneling
spectroscopy at various temperatures were measured with an Omicron variable165

Fig.6.4. The LEED pattern on the sputtered surface (left) and STM picture of the asgrown surface (right) on Cd2Re2O7.

For the surfaces through Ar+ ion sputtering and annealing, a clear hexagonal LEED
pattern was observed (Fig.6.4 (a)), suggesting that the surface is the (111) surface.
However, no good image and surface without sputtering and annealing, the STM images
show flatter surface with clear steps though without atomic resolution (Fig.6.4 (b)).
However, no clear LEED pattern has been observed. These suggest that the surface
contains a lot of imperfection, which is more drastically enhanced than that in the bulk.
As discussed in the Part of crystal growth, X-ray photoelectron Spectroscopy (XPS) has
detected an oxygen-rich layer of a few tens of Å thick on the surface; besides, Electron
Microprobe Analysis (EMPA) confirmed the compositional deviation from stoichiometry
often happens in the near-surface region.

166

6.2.2 Experiments

The PES experiment was performed separately at the National Synchrotron Radiation
Research Center, Taiwan, using a U9 undulator and a Scienta SES-200 energy analyzer.
The overall energy resolution was 10 meV or better for near Fermi energy measurements.
For the PES experiments, the sample surface was prepared by repeated in-situ scraping at
40 K until the valence band PES spectra no longer changed. The base pressure was 8 ×
10−11 Torr. The spectra were taken in the angle-integrated mode thus reflecting the
electronic density of states. The Fermi energy was determined by an Au film evaporated
on to the sample holder. The accuracy of sample temperature measurement was within ±
5K for both STM and PES experiments.

Fig.6.5 shows the typical STM images of the as-grown surface of Cd2Re2O7 at room
temperature (RT). Two interesting features were observed. One is that many of the
surface islands and defect patches have a triangle-like shape though no image with
atomic resolution could be obtained. This may be directly linked to the triangular lattice
structure. Another is that the surface shows a clear step-like structure. As shown in the
line profile of the image in Fig.6.5, the step height between terraces is about 5.2 ± 0.5 Å.
This is in consistence with the suggestion from the LEED results that the surface is the
(111) surface terminated with Cd/Re-O or layer with quasi-hexagonal structure. Based
upon the measured lattice constant of 10.226 Å [3,4] in an ideal cubic pyrochlore
structure of the bulk, the step height on the (111) surface should be 5.9 Å, which is
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Fig.6.5. A typical STM topographic image, a zoom-in image and a line profile on
an as-grown surface of Cd2Re2O7 at room temperature. Tip bias voltage Vbias = 0.5 V
and tunneling current I = 0.35 nA. The image size is 300 nm × 300 nm. A zoom-in
image (40 nm × 40 nm) and a line profile are also shown, respectively.
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slightly larger than the measured value by STM. However, a surface relaxation is quite
possible in account for the difference.

In order to characterize the electronic structure across the phase transitions at T* and T’,
we have carried out the measurements of Temperature (T)- dependence of electronic
spectroscopy on the surface of Cd2Re2O7 with both STM and PES. Figure 6.6 presents
both the tunneling conductance (dI/dV) STS spectra from STM-I(V) measurements and
momentum-integrated valence spectra near EF from PES at different temperature. The
STS spectra (Fig.6.6(a)), taken under the same tunneling conditions, were obtained by
averaging over a 50 nm × 50 nm surface area at each temperature. After the
normalization to the photon flux and the background above EF, the PES spectra were then
normalized to the intensity of the dominated peak at ~5 eV binding energy which is
associated with O-2p-band in order to elucidate the relative DOS changes with
temperature. The overall valence-band spectra with wide energy range blow T’, between
T’ and T*, and above T* are presented in the inset of Fig.6.3(b). Though the valence band
spectra show subtle DOS variation in several regions, we feel that the most important
region is near the Fermi energy where the DOS governs both transport and
thermodynamic properties presented in Fig.6.4. The normalized PES spectra near EF at
different temperature were shown in Fig. 6.6(b).

It should be mentioned that these spectra taken from both techniques reflect the
momentum-integrated DOS near EF. However, the measurement by STM should be even
more surface sensitive than that by PES, thus possibly resulting in a difference of DOS
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Fig.6.6. T-dependence of the averaged dI/dV from STS and the normalized PES
spectra near EF. The STS data are averaged from 80 × 80 sample points from an area
of 50 nm × 50 nm at every temperature, taken with Vbias = -2.0 V and I = 0.5 nA
without tunneling feedback. The photon energy hν = 24 eV was used for PES. The
inset shows the overall valence band spectra taken at 40 K, 180 K and 300 K,
respectively.
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measured with STM and PES. The PES spectra in Fig.6.6(b) show a clear Fermi edge
while the STS spectra show a very small DOS at EF. The V-shaped like dI/dV may even
suggests a pseudo-gap at the surface growing with increasing temperature. Nevertheless,
the results obtained from both measurements clearly show the same relative changes in
DOS with temperature. Though thermal broadening may affect the quantitative analysis
of the DOS at EF, it is clear that a larger change in STS (dI/dV) and PES intensity near EF
occurs at T’ rather than T*. To elucidate the temperature dependence of DOS, we
integrated the measured DOS over a certain energy range (~ 0.5 eV) below EF for each
fixed temperature. Fig.6.7 shows the DOS integrated from EF to 0.5 eV in filled states
from (a) the STS spectra and (b) the PES spectra, respectively. Remarkably, the results
obtained from both independent techniques exhibit rather similar behavior: no change
across T* but an increase below T’. The PES results [12,13] also show that the DOS near
EF is larger at 20 K than that at 250 K.

The observed temperature dependence of DOS near EF is unexpected, as all bulk
properties show large anomaly at T* rather than at T’. To understand such completely
reversed behavior, we should realize that both STM and PES measurements are surfacesensitive. Generally, the spectroscopy measured with these techniques includes
contributions from the effects of surface imperfections such as surface and defect states
as both techniques are surface-sensitive. We note that the surface of Cd2Re2O7 shows
severely enhanced crystal imperfections with defects and steps (see Fig.6.4). The
substantial increase of the observed DOS near EF at T’ is likely the reflection of these
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Fig.6.7. T-dependence of the integrated DOS near EF from STS and
PES spectra. The integrated DOS was obtained by integrating STS data
dI/dV from Vbias = 0 to 0.5 eV ((a))and PES intensity from EF to the
binding energy of 0.5 eV((b)). The dashed lines are guides for the eye.
The phase transition temperatures observed in the bulk is indicated.
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imperfection effects enhanced at the surface. It is very possible that defects (as one kind
of imperfection) induce defect states near EF at the surface, thus increasing the surface
conductivity as observed in dI/dV in the tunneling spectra. In the bulk if the similar
situation occurs then the defects will also affect the DOS near EF so as the bulk
conductivity. In this scenario, the sample-dependent behavior of the electrical
conductivity near T’ measured by different groups [4,5] may simply be associated to the
deferent amounts of defects or deferent degrees of crystal imperfections. Thus, this also
suggests that the subtle transition at T’ may be merely driven by the crystal imperfections
in the bulk.

According to recent first-principles calculations [14], a structural instability
corresponding to a two-fold degenerate Eu-phonon mode exists in Cd2Re2O7. The
observed low-temperature distorted metastable phase of Cd2Re2O7 below T’ may be the
frozen-phonon state stabilized by the crystal imperfections. On the other hand, applying
pressure drastically suppresses the low-temperature metastable state, eventually making
the phase transition at T’ completely undetectable, i.e., T’ → 0 K [15,16]. Interestingly,
both the critical pressure Pcr for eliminating the transition at T’ and the pressuredependence of the normal-state residual resistivity (ρ0) are remarkably sample-dependent.
The less pronounced the transition at T’, the lower the critical pressure Pcr and the weaker
the pressure-dependence of ρ0. It is found that Pcr can be as low as ~1.2 GPa for the
samples with no first-order character of the transition at T’ [16]. Yet, Pcr is beyond 2.0
GPa for the samples with thermal hysteresis in resistivity at T’ [15]. These sample-

173

dependent behaviors also strongly support our scenario that the transition at T’ is
imperfection-driven.

6.3 Summary

In summary, using scanning tunneling and photoelectron spectroscopy, we have observed
a substantial change in the electronic density of states near Fermi energy across the phase
transition at 120 K rather than at 200 K in Cd2Re2O7, completely reversed to the changes
of bulk properties. We argue that crystal imperfections, which are significantly enhanced
at the surface, cause this contrast behavior of DOS. While the strong spin and lattice
fluctuations may play an important role for the transition at 200 K, the transition at 120 K
is likely imperfection-driven.
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PART VII

METALLIC “FERROELECTRICITY”
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7.1 Structural Order Parameter

The convergent-beam electron diffraction [1] and X-ray diffraction experiments [2,3]
together with a Re Nuclear Quadrupole Resonance study [4], clearly show that both
inversion and threefold symmetries are broken in low-temperature (T) phases below T*~
200 K. The new low-T phases are suggested to be tetragonal and the most probably space
group for T’ < T < T* (hereafter referred to as phase II) is I4 m 2, while that for T < T’
(phase III) is I 41 22 [3]. As discussed in the Part IV, these arguments are consistent with
our neutron single crystal and powder diffractions utilizing 114Cd-enriched samples.

Sergienko and Curnoe (SC) carried out a group theoretical analysis of phonons in
pyrochlores and the closely related spinels [6]. Both structural phase transitions in
Cd2Re2O7 could be interpreted as from an instability of the pyrochlore lattice with respect
to the same long-wavelength phonon mode, which is doubly degenerate in the room
temperature phase (F d3 m, namely phase I). The I–II transition may be of the second
order despite the fact that I4 m 2 is not a maximal subgroup of F d3 m. The
aforementioned phase transition sequence has been modeled using Landau theory, and
the possibility of Jahn–Teller-like couplings of electronic band structure, as well as
localized spin states in pyrochlores and spinels, is discussed to atomic displacements.

As there is no multiplication of the pyrochlore primitive cell in the low-temperature
phases of Cd2Re2O7 [3], implying that Brillouin zone-centered long-wavelength phonons
could be crucial for the phase transitions at both T* and T’. These phonons are most
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conveniently classified according to the irreducible representations of the point group Oh.
Table 7.1 lists the long-wavelength phonons of the atomic displacements in pyrochlores
and spinels. It is well established by X-ray studies that inversion symmetry is broken in
both phases II and III [7,8,3], so the structural phase transitions should be due to a lattice
instability with respect to odd phonon modes. Table 7.2 lists all low symmetry phases
that can be described by order parameters (OP) spanning odd representations of F d3 m
at the Γ point of the Brillouin zone. We find in the following that both phases II and III
are described by the Eu OP, and there are no restrictions in principle for both the I–II and
I–III phase transitions to be of the second order. On the other hand, the II–III phase
transition can be of the first order only, since there is no group–subgroup relationship
between the symmetry groups of these phases.

SC denote the two components of the Eu OP as (η1 , η2) and consider the action of the F
d3 m space group operations on the space spanned by η1 and η2. The topology of this
space coincides with the topology of the plane point group C6v. There are two different
special symmetry positions of the vector (η1, η2), corresponding to the distorted phases,
II, (0, η2) and III, (η1, 0), with space groups I 4 m 2 and I 41 2 2, respectively. Each of
these two positions has five counterparts, which correspond to different domains. They
are obtained by successively applying six-fold rotations in the OP space. Decomposing
explicitly atomic displacements into irreducible representations reveals the nature of
phase transition.
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Table 7.1. Brillouin zone centered phonon modes in the (a) pyrochlore
Cd2Re2O6O’ and (b) a generic spinel compound AB2O4. The numbers in
columns (a) and (b) are the number of atoms per fcc site (reference [6]).

Table 7.2. Possible low-symmetry phases described by odd-parity order
parameter at the Γ point of the Brillouin zone. Phases accessible from F d3 m
by a single second-order phase transition are written in bold typeset. Plain
typeset indicates phases that can be accessed by a first-order phase transition
or a sequence of phase transitions.
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Six oxygen atoms occupy the 48(f) Wyckoff position [9] which are the nearest neighbors
of one of the Re atoms. Fig.7.1 displays the four non-equivalent tetrahedral vertices,
located at one fcc site. The components of the displacement of the mth Re atom from its
ideal position are denoted (xm; ym; zm) are linked to that vector (η1, η2). As for the
secondary OP’s, which are not critical but nevertheless become finite in the low-T phases
due to coupling to the primary OP, the second and third symmetric powers of the primary
representation.

The directions of the displacements are shown in Fig.7.1. They are in complete
accordance with the results of X-ray diffraction studies [3]. In particular, in phase II, the
two adjacent tetrahedron have different volumes, ∆V/V~ ± 8η22, where different signs
should be taken for neighboring tetrahedron, and there are four different Re–Re bond
lengths; in phase III, the volumes of the tetrahedron are the same and there are three
different Re–Re bond lengths. The Cd atoms in Cd2Re2O7 form a similar tetrahedral
network shifted with respect to the Re network by a (1/2, 1/2, 1/2) translation. Thus the
directions of the Cd atomic displacements in the distorted phases are exactly the same as
those for Re atoms, although their absolute values differ in general. Figure 7.1 also shows
six of the twelve O atoms with their displacements in phases II and III. The undistorted
coordinates of atom 1 are (x, 0, 0), where the oxygen structural parameter is x ≈ 0.192
(we have very close x ≈ 0.193 by X-ray and neutron scattering in Part V). The
coordinates of the nth atom n > 6 are obtained by adding a (1/4, 1/4, 1/4) translation to
the coordinates of atom n – 6.
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Fig.7.1. Two adjacent Re-tetrahedra and six nearest coordinated oxygen atoms of
Re #1, arrows indicate atomic displacements in phases I4 m 2 (phase II) and I

1

22

(phase III). Two adjacent tetrahedron formed by Re atoms (filled circles) in Cd2Re2O7.
Also shown (empty circles) are six oxygen atoms, which are the nearest neighbors of
Re atom #1. Atoms related by an fcc translation are equivalent and are labeled by the
same number. Arrows indicate atomic displacements in phases (a) I4 m 2 (phase II)
and (b) I 1 22 (phase III).
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A Landau-type model with a C6v topology was first studied by Lifshitz [10], who
considered a sixth-order expansion of the thermodynamic potential. Details of the
calculations and general formalism can be found in references [11,12]. When it is applied
to Cd2Re2O7, only even-order polynomial invariants can be constructed from the OP
components η1 and η2. There is only one fourth-order term (η12 + η22)2, which is
isotropic, and it does not lift degeneracy of the ordered states. The first anisotropic term
appears in the sixth order, (η13 -3η1 η22)2, but still fails to lift degeneracy between ordered
phases along the line of the II–III phase transition. S&C consider the eighth-order Landau
expansion: F = a1(η12 + η22) + a2 (η12 + η22)2 +a3 (η12 + η22)3 + b1 (η13 -3η1η22)2 +a4(η12 +
η22)4 + c (η12 + η22) (η13 -3η1 η22)2, where F is the free energy.

Fitting data about the I–II phase transition line from high-pressure resistivity experiments
[7] to a1 = 0, we obtain a1 = α(T-200K+P⋅40K/GPa), where P stands for pressure and α is
an undetermined parameter. Besides, on an applied magnetic field H, additional terms
appear in the thermodynamic potential, resulting from magnetization energy and coupling
between the magnetization M and the structural OP.

The phenomenological treatment briefed in this section is found in complete agreement
with experimental data available to date. On the other hand, a detailed account of the
intriguing transport properties of this compound requires a consideration of the
underlying microscopic physics. Dramatic changes in resistivity, thermoelectric power,
Hall coefficient and magnetic susceptibility at the structural phase transitions point to the
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importance of coupling of itinerant electrons to long-wavelength phonons. This fact sets
Cd2Re2O7 apart from other pyrochlores. For example, the homologue Cd2Os2O7
demonstrates a metal–insulator transition near 225K, accompanied by no structural
changes [13]. As we have shown, the displacements of all Cd, Re and O atoms include
normal modes that have the symmetry of the structural OP. Recent band structure
calculations for the ideal pyrochlore phase [14,15] show that the transport properties of
Cd2Re2O7 are defined mostly by Re 5d electrons. Therefore we conclude that Re
displacements play a major role in the structural transitions and that the transitions occur
due to an instability of the Re tetrahedral sublattice with respect to the aforementioned
phonon mode. In addition, a gain in itinerant electronic energy due to the Jahn–Teller
effect may favor the phase transformations. In particular, spin–orbit coupling has been
shown to be important for band dispersion near the Fermi level [14,15]. This coupling
results in a complete lifting of spin degeneracy of electronic levels at generic points of
the Brillouin zone below T* due to loss of inversion symmetry [16].

In summary, we have shown that the structural phase transitions in Cd2Re2O7 at 200K
and 120K can both be described by a single, two-component OP, which is the cooperative
displacements of Re atoms transforming (phonon mode) according to the representation
Eu of the point group Oh. We have also considered all secondary OP’s, which can couple
to the primary OP. A Landau model with terms up to eighth order in the displacements is
proposed in order to account for both phase transitions, and the resulting phenomenology
is in good agreement with experiments (part of supporting evidence from next part).
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7.2 Anderson and Blount’s Model on Metallic Ferroelectricity

Itinerant electrons screen electric fields and inhibit the electrostatic forces responsible for
ferroelectric distortions. Therefore, in a metallic system one does not expect to find
structural transitions similar to those found in insulating materials with a tendency toward
Ferro electricity. The idea that metallic behavior and Ferro electricity may not always be
incompatible had an early champion in Matthias [17]. A groundbreaking paper on this
subject was written by Anderson and Blount (AB) in 1965 [18]. Applying Landau theory
to a continuous cubic-to-tetragonal (C-T) structural phase transition, AB concluded that
‘‘a transition from cubic to tetragonal in which the only order parameter in Landau’s
sense is the unit cell shape, i.e., the strain, can be second order only with probability
zero.’’ Applying these ideas to the C-T transition found in A-15 superconductors such as
V3Si and Nb3Sn, AB concluded that ‘‘these and perhaps several other metallic transitions
may be ‘ferroelectric’ in the sense of the appearance of a polar axis, or possibly at least
involve the loss of a center of symmetry.’’ Ultimately, however, it was shown that the
structural transitions in the A-15 compounds were not continuous but rather weakly first
order, and that strain was indeed the appropriate order parameter [19]. As no other
materials seemed to fit AB’s criteria, ideas regarding metallic ‘‘Ferro electricity’’ have
not been pursued over the past 38 years until we apply it to Cd2Re2O7 here.
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7.3 Metallic “Ferroelectricity” in Cd2Re2O7

In the last few Parts and references therein, we have shown the normal state properties of
Cd2Re2O7 are intriguing, particularly the continuous cubic-to-tetragonal (C-T) transition
at 200 K that profoundly affects all the electronic structure, transport, and magnetic
susceptibility of this material. Cd2Re2O7, therefore, is a good candidate for becoming the
first material to obey AB’s criteria, provided that strain can be ruled out as the primary
order parameter for the C-T transition at 200 K.

Single crystals of Cd2Re2O7 were grown from the vapor transport, as detailed in Part V.
All measurements reported in present section were performed on a crystal cut into a
rectangular parallelepiped with dimensions 1.2×1.9×2.3 mm3. The sample was oriented
with all faces perpendicular to the crystallographic <100> axes. The experimental density
of the sample was 8.795 g/cm3; this can be compared with the x-ray density of 8.814
g/cm3.

Resonant ultrasound spectroscopy (RUS) measurements were performed as a function of
temperature (5– 300 K) to determine the elastic moduli of the sample. RUS is a technique
developed by Migliori et al. [19] for determining the complete elastic tensor of a small
single crystal by measuring its free-body resonance. A picture of experimental setup is
displayed in Figure 7.2. This method has the advantage that all moduli can be determined
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Fig.7.2 The experimental setup for resonant ultrasonic spectroscopy (RUS).

simultaneously, thereby avoiding remounts of transducers and multiple temperature
sweeps.

In Figure 7.3, we plot the elastic moduli of Cd2Re2O7 vs. temperature (T) for the three
modes of elastic waves in the principal propagation directions in a cubic system [20].
Deep into the transition the ultrasonic absorption of the sample became so great that for
several temperatures not enough resonance were observed to allow for an accurate
determination of all three elastic moduli. However, the lowest frequency resonance
depended almost exclusively on C44 and was visible throughout the entire transition.
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Fig.7.3. Temperature (T) dependence of Elastic moduli of a single crystal of Cd2Re2O7
using RUS. The relationship between sound velocity and elastic moduli is given by vs
= √(C/ρ), where C is the effective elastic constant and ρ is the density. In a cubic
crystal, longitudinal waves propagating in the [100] direction are governed by C11, and
both transverse waves are governed by C44. In the [110] direction, longitudinal waves
are governed by CL[110] = (C11+C12+2C44)/2, one transverse wave is governed by C44,
and the other by CT[110] = (C11-C12)/2. In the [111] direction, longitudinal waves are
governed by CL[111] = (C11+2C12+4C44)/3, and both transverse waves are governed by
CT[111] = (C11-C12+C44)/3. Note the small magnitude (~2%) of the anomaly in C44
compared to the anomalies in the other moduli.
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If strain were the order parameter (OP), we would expect at least one of these elastic
constants to soften dramatically as expected for an elastic instability. This is not
observed. Instead, the salient feature of Fig.7.3 is the step-like change at 200 K in all of
the moduli except C44. To compare the distinct critical behavior of moduli in the vicinity
of the phase transition, we draw a schematic T-dependence of moduli in Figure 7.4 for
the cases (1) strain is the primary OP and (2) strain is the secondary OP, respectively.

This behavior of the moduli can be modeled using the order parameter proposed by
Sergienko and Curnoe in section 7.1 (also see reference [21]). This order parameter
involves collective atomic displacements corresponding to a long-wavelength phonon of
Eu symmetry. The minimal model for Landau free energy F which accounts for the
anomalies of the elastic moduli should include a ferrodistortive energy Fd expanded in
terms of the structural order parameter (η1,η2), the elastic energy Fel, and coupling
between the order parameter and strain Fd-el:

Fd = a1(η12+η22)+a2(η12+η22)2+a3(η12+η22)3+b1(η13-3 η1 η22)2,
Fel = 1/2C011(e21+e22+e23)+C012(e1e2+e2e3+e1e3)+1/2C044(e24+e25+e26),
Fd-e1 = λ1(η12+η22)(e1+e2+e3)+ λ2[(η12-η22)( e1+e2-2e3)+2√3 η1 η2(e1-e2)]
+µ1(η12+η22)(e24+e25+e26)+µ2(η12-η22)( e24+e25-2e26)+ 2*√3 η1η2(e42-e25)] (7-1)_
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Fig.7.4. The characteristic T-dependence of moduli near phase transition, with
strain is the primary or secondary order parameter Strain is the primary order
parameter (left) or the secondary order parameter (right). Q is the order parameter.

with F= Fd+ Fel+ Fd-e1. Here C011, C012, and C044 are the elastic moduli in the cubic
phase(η1= η2 =0) and a1, a2, a3, and b1 are the Landau expansion coefficients, ei is the
strain, and λi and µi are the coupling constants.

Terms up to fourth order in Fd are isotropic; therefore sixth-order terms are required to
lift the degeneracy between ordered states. Since the phase transition at T*~200 K is of
second order, the coefficient a2 must be positive. The elastic moduli in the tetragonal
phase (η1=0, η2≠0) can be calculated using Slonczewski-Thomas formalism [22]
Cij =∂2F/(∂ei∂ej)- (∂2F/(∂η2∂ei) )( ∂2F/(∂η2∂ej))( ∂2F/(∂η22))-1 ,
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where the equilibrium values of η2 and the strain tensor are calculated from the system of

equations
∂F/∂η2 = ∂F/∂ei=0. i=1,…,6.

(7-2)

We obtain
C11 = C011 - A2/2a2 +O(η22) ,
C33 = C011 - B2/2a2 +O(η22),
C12 = C012 - A2/2a2 +O(η22),

(7-3)

C13 = C012 - AB/2a2 +O(η22),
C44 =C044+O(η22),
C66 =C066+O(η22).

where A= λ1-λ2, B= λ1+2λ2. Higher-order terms can easily be calculated from the above
equations by expanding in η2, but the resulting expressions are cumbersome. Steps are
therefore expected in the elastic moduli C11, C33, C12, and C13 at the continuous transition,
while the shear moduli C44 and C66 have continuous anomalies. The data in Fig.7.3 are
qualitatively consistent with these predictions [23].

In many respects the elastic behavior of Cd2Re2O7 (CRO) resembles that of SrTiO3
(STO), but there are some important differences. In STO the coupling is linear in all
components of the strain but quadratic in the order parameter [19,22,24,25], whereas in
CRO it is linear only in the diagonal components e1, e2, and e3 of the strain tensor. It
should also be kept in mind that STO is antiferrodistortive and inversion symmetry is not
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broken in the tetragonal phase. As in STO, the measured elastic anomalies of C11 and
(C11-C12)/2 in CRO are not true step functions but are broadened by several degrees.
Lüthi and Moran [24] ascribe this behavior in STO to residual strain, and there is no
reason not to expect this strain in CRO as well. The downward ‘‘dip’’ observed near T*
in the longitudinal elastic moduli has also been observed in STO and can be ascribed to
order parameter fluctuations [25]. Domain formation below T* introduces several
difficulties into a quantitative analysis of the data, both because of the anisotropies
associated with domains and because domain wall motions make important contributions
to the elastic moduli. To obtain elastic moduli below the transition we assumed a random
domain distribution and that the sample retained a macroscopic cubic symmetry.
Resolving these difficulties requires a detailed understanding of the microstructure of
Cd2Re2O7, and this knowledge is not yet available. However, none of these difficulties
affects the phenomenology presented here.

To help elucidate the origin of the lattice instabilities, first-principles calculations were
performed in the local density approximation (LDA) using the general potential
linearized augmented plane-wave (LAPW) method [26] as described in References
[27,28]. Initially, scalar relativistic calculations of the atomic forces were performed for a
sufficient number of small atomic displacements away from the equilibrium structure to
determine the dynamical matrix for an 88 atom supercell. Then the full phonon dispersion
relations were obtained by a direct method using the PHONON program [29]. At the
zone center two very unstable modes were found, a twofold degenerate Eu symmetry
mode and a threefold degenerate T1u mode. Both of these modes involved breaking of
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inversion symmetry and have eigenvectors that are heavily dominated by the O site
(forming the O octahedron coordinating the Re ions). In addition, two more weakly
unstable and several low frequency but stable modes involving Cd and Re atom shifts
were found, many of them also breaking inversion symmetry. Since the unstable modes
were heavily dominated by O motion, we neglected the minor components and calculated
the energetics as a function of distortion amplitude with a tetragonal cell for the Eu and
T1u displacement patterns. These calculations were done relativistically, including spin
orbit, which we find to significantly affect the energetics by reducing the tendency
towards lattice instability. Nonetheless, we still find a substantial instability of the Eu
mode and a marginal instability of the T1u mode, as shown in Figure 7.5. Clearly, the
dominant instability corresponds to the Eu mode, and so we expect that the higher
temperature phase transition is due to its freezing.

The lower-temperature transition might be associated with a change of symmetry into
which this mode freezes (note that it is twofold degenerate), as in, e.g., the cubictetragonal-orthorhombic-rhombohedra transition sequence of BaTiO3 under cooling.
Freezing of the doubly degenerate Eu mode alone may result in three possible low
symmetry structures I4 m 2, I 41 2 2, and F 222 [21].We have performed the LDA
calculations for these three space groups and found that the energetics are nearly the
same. This can be understood because terms up to fourth order in Fd are isotropic. In Fig.
7.5 we show the calculations, corresponding to the I 4122 structure, which was proposed
to be the lowest temperature phase in reference [3] and part IV in present thesis. In this
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Fig.7.5. Relativistic LDA energetics of lattice instabilities in Cd2Re2O7. The coordinates
of the O atoms are in Cartesian coordinates, units of the lattice constant a = 10.219 Å:
(0.315-δE+δT, 0.625, 0.625), (0.935+δE+δT, 0.625, 0.625), (0.625, 0.315, 0.625),
(0.625, 0.935, 0.625), (0.625, 0.625, 0.315 +δE), (0.625, 0.625, 0.935 -δE), (0.375, 0.065,
0.375), (0.375, 0.685, 0.375), (0.065+δE+δT , 0.375, 0.375), (0.685-δE+δT, 0.375,
0.375), (0.375, 0.375, 0.685+δE), (0.375, 0.375, 0.065-δE), where E and T are the Eu and
T1u frozen-in amplitudes, respectively.
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case, soft modes associated with the T1u could play an important role in the lowtemperature superconductivity. Alternately, we note that the two unstable modes are of
different symmetry, and therefore do not interact at lowest order. Perhaps a mode related
to the T1u O displacement but with additional metal and/or O’ displacement is unstable
enough to freeze in and give the lower temperature transition. We are still working on the
neutron single crystal and powder data individually taken at 14 K and 5 K to verify these
arguments and predictions (Part VI).

The temperature dependence of the elastic moduli shown in Fig.7.3 allows us to rule out
strain as an order parameter in Cd2Re2O7. The conclusions of Anderson and Blount [18]
can therefore be applied to Cd2Re2O7: the order parameter must be either (1) ‘‘some
electronic mystery parameter’’ or (2) ‘‘some change in symmetry, such as the loss of the
inversion center.’’ At present, the evidence supports the second possibility with the most
likely candidate for the order parameter being a small, coherent (hence ferroelectric)
collective displacement of the atoms with Eu symmetry, dominated by the motion of the
O atom as discussed above. Even though, following AB, we use the term ‘‘ferroelectric,’’
we stress that although inversion symmetry is broken there is no evidence that a polar
axis is formed; indeed, our analysis is fully consistent with the I4 m 2 space group
proposed in reference [3], and this space group is piezoelectric, although because
Cd2Re2O7 is metallic, no piezoelectric coupling is possible here.
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It is an open question whether the concept of a ferroelectric metal will be fruitful in
explaining the anomalous physical properties at the 200 K transition in Cd2Re2O7. In
many ways, the 200 K transition is reminiscent of a charge density wave (CDW)
transition such as that observed in TaSe2, although CDWs in cubic materials such as
pyrochlores are generally not expected. Moreover, electronic structure calculations
indicate a nearly isotropic Fermi surface and no obvious nesting or CDW instability [26].
If Cd2Re2O7 is indeed a ferroelectric metal, however, one can imagine a redistribution of
charge within the material and physical properties that mimic a CDW transition. Also, the
dramatic decrease of the electrical resistivity of Cd2Re2O7 below 200 K finds a natural
explanation in terms of reduced scattering from the unstable ions as they freeze in. It is
hoped that the identification of Cd2Re2O7 as a ferroelectric metal will stimulate
theoretical development of the unique continuous phase transition found in this material.
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PART VIII
ELECTRON-HOLE SCATTERING: ANOMALOUS
HIGH TEMPERATURE RESISTIVITY
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8.1 Introduction
In many ways, Cd2Os2O7 and Cd2Re2O7 shed invaluable light on how the geometrically
frustrated system evolves as the moments become itinerant. Due to the extended 5d
orbital (of B cation), they both fall in the moderate-correlated regime “U~W” (“MottHubbard” model), where U is the intra-atomic Coulomb repulsion at B site and W is the
bandwidth. The Os5+ in Cd2Os2O7 has an electronic configuration of 5d3, i.e., half-filled
t2g manifold, suggesting a Mott-Hubbard type of metal-insulator transition (MIT).
Cd2Os2O7 undergoes a unique continuous MIT (i.e., “Slater” transition) at 226 K and
adopts an excitonic insulating ground state [1], with lattice playing no discernible role in
the transition. Noting that most Os4+ compounds are metallic, Cd2Os2O7 hence
exemplifies the appreciable correlation effect even among the 5d electrons. Given the
identical room temperature structure and one lesser 5d electron on B-site, Cd2Re2O7
adopts radically different behavior: it undergoes a second–order metal-metal transition at
T*~200 K [2], a weak first-order one at T’~120 K involved with the rearrangement of
Fermi surface [3] and a superconductivity transition at Tc~1 K [4,5,6]. Because the
concomitant structural change is too trivial to solely underlie the remarkable change in
physical properties [7,8], the inherent instability in its electronic structure and the
coupling with other degrees of freedom are believed to be crucial.

The band structure calculations (based on space group F d3 m) [9,10] characterized
Cd2Os2O7 and Cd2Re2O7 as compensated 5d semimetals with similar Fermi surface
topology, in which no feature straightforwardly accounts for such distinct behaviors.
200

Indeed, Cd2Os2O7 and Cd2Re2O7 share one salient feature in common: the unusually weak
temperature (T) dependence of high temperature (HT) resistivity on the pyrochlore
structure. As a reminiscent of the HT behavior of Bi2Ru2O7 and other 4d/5d metallic
pyrochlore oxides [11], it suggests the relevance to the pyrochlore structure in common
and provides a key to elucidate the unconventional electronic structure of Cd2Re2O7
through its HT behavior. The real surprise came from the pressure-dependence study on
Cd2Re2O7 [12], which revealed a T-quadratic (T2)-like resistivity behavior between 280
K and 600 K, together with the absence of resistivity saturation up to 600 K. Here arises
the question what causes the deviation from the conventional T-linearity usually
dominant at HT (the Debye temperature θD~397 K [5]), which is given by the electronphonon (e-ph) scattering mechanism. Concerning the HT magnetic part, Sakai et al. has
reported a notable Curie-Weiss behavior from 400 K to 700 K in susceptibility
measurement, and attributed it to the spin fluctuation (SF) [13]. As the crucial role of
fluctuation, whether the origin is spin or ionic or both, already evidenced itself through
the remarkable scaling behavior in the vicinity of T* [2], it is highly enlightening to
approach its role in HT physical properties, in particular the resistivity and susceptibility,
which we shall deal with in the present study.

In present part, we extend the resistivity measurement up to temperatures substantially
higher than the previous study. The susceptibility has been measured up to 720 K to
better characterize the HT magnetic part. The wide temperature range above T* is used to
advantage here, as it helps us reliably extract the HT characteristics out of the weak
temperature dependence. As the supplements, thermal conductivity and thermoelectric
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power measurements are carried out up to 355 K, to probe the role of phonon and
carrier(s), as well as the underlying scattering mechanisms, in the vicinities of two
normal state phase transitions and above T*. Bulk of information on the electronic
structure, phonon, spin fluctuation (SF), ionic fluctuation (SF) as well as the order
parameter, which largely governs the overall normal state properties of Cd2Re2O7, has
been deduced from the relevant analysis. The results also help clarify the puzzle of
density of state (DOS) variation across T*, where the transport, thermodynamics [2] and
photoemission [14] experiments suggested quantitatively different change or even
opposite trend.

8.2 Experiments

The single crystalline specimens of Cd2Re2O7 used in present study are grown using a
vapor transport technique [15]. A previous detailed study showed the composition of
specimens is Cd2Re2O6.86±0.03 and the normal state properties are insensitive to the oxygen
deficiency (δ ~ 0.01-0.23) [16].

8.2.1 DC Magnetic Susceptibility

As any magnetic or charge ordering below 100 K has been ruled out by the Nuclear
Magnetic Resonance (NMR) and Nuclear Quadrupole Resonance (NQR) experiments
[17], the HT magnetic behavior shall be enlightening. For this purpose, we measured DC
susceptibility χ(T) from 5 K up to 720 K. The magnetic fields between 0.1 Tesla and 2
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Tesla, under zero field cooling (ZFC) and field cooling (FC) practically yielded identical
results; no thermal hysteresis or anisotropy was detected within our instrumental
resolution. As displayed in Fig.8.1, χ(T) slowly increases from 710 K until forming a
broad maximum near 320 K, then decreases as temperature approaching T*. Below T*, it
abruptly drops as a power law and finally cross over to a plateau between 10 K and 50 K.
No evidence of magnetic ordering was found up to 720 K. In the same figure, we also
plot the inverse susceptibility χ-1(T) vs. T. χ-1 (T) shows a slight upward curvature until
falls on a straight line between 560 K and 710 K, which is well described by Curie-Weiss
(C-W) law and roughly concurs with a distinct non-linear T-dependence regime in
resistivity (namely, Regime V in section 8.2.4). Data fitting yields a C-W constant θ = 2760 ± 20 K and an effective magnetic moment µeff = 1.66 ± 0.03 µB/Re. The obtained
µeff value is close to that of the spin-only Re6+ (5d1), i.e., 1.73 µB, despite Re5+ (5d2) or
akin is nominally expected here. It has been noted the present C-W-law featured regime
is smaller while the θ value is significantly larger than the latest report [13], while we still
have confidence on our data for the reasons listed later in this article. The frustrated
pyrochlores typically have big negative θ value notwithstanding [18], our θ value is
unusually large. Given no evidence of long-range magnetic ordering shown in present
study and references [2,17,19], θ can not be taken as the conventional energetic scale of
the local AFM coupling. Meanwhile, the negative θ might still reflect an AFM-type
coupling among local spins.
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Fig.8.1. Temperature (T) dependence of DC magnetic susceptibility inverse susceptibility
χ-1(T) between 4 k and 720 K. χ(T) (solid circle) is measured between 4 K and 720 K on
Zero Field Cooling (ZFT). The inset shows the inverse susceptibility χ-1(T) (open circle)
from 250 K to 700 K, where the data between 580 K and 700 K are well described by
Curie-Weiss Law (C-W law, broken line), at H = 1 Tesla.
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In part III and IV, we make it clear that SF is only secondary to the ionic fluctuation in
part III and IV, its contribution to HT properties, e.g., resistivity, shall be addressed in
section 8.2.4.3. A challenge to SF scenario comes from the broad hump at 320 K. In an
itinerant system such as Cd2Re2O7, the smooth increase of χ(T) with temperature is a sign
of SF, the observed C-W behavior is attributed to the average amplitude of local SF [13]
and the dramatic drop of χ(T) near T* can be interpreted as from a gap opening in the
spin excitation spectrum. In this manner, the broad maximum near 320 K is a clear
indicative of the presence of mechanism(s) competing with SF, and the competing
mechanism(s) shall have the order of energetic scale ~ 320 K, which is roughly the
average coupling among the local spins |JSF|. Our knowledge on the HT phase excludes
any simple scenario. Shedding some doubt on the SF scenario, the resistivity, magnetic
susceptibility, specific heat and thermoelectric power [20] are found all insensitive to the
applied magnetic field up to few Tesla. Alternatively, P. Chandra proposed that the shortrange ionic fluctuation (IF) near a Peierls transition could lead to the density of states
(DOS) variation at EF, then the scaling behavior [21] and consequently all physical
properties dependent on DOS.

8.2.2 Thermal Conductivity

To gain more insight on the role of phonon, we here measured the thermal conductivity
κobs(T) between 4 K and 355 K. As shown in Figure 8.2, κobs(T) behaves like an ordinary
crystal below 80 K: first increases with temperature until forms a maximum at 30 K, then
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Fig.8.2. The carrier, lattice and total thermal conductivity between 4 K and 355 K. The
total thermal conductivity κobs(T) (open circle), the carrier thermal conductivity κe(T)
estimated by Wiedemann-Frank law (solid line) and the lattice thermal conductivity
κL(T) (open triangle) deduced from the formula κL(T) = κobs(T)-κe(T), between 4 K and
355 K. Those two normal state transitions at T* and T’ reflect themselves distinctly in
κL(T) and κe(T). All κobs(T), κL(T) and κe(T) adopt T-linear dependence above T* (doted
lines).
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decays with 1/T power law until ~100K. Its behavior at higher temperature is unusual: a
mild hump emerges at ~135 K, followed by a sustaining rising tail up to 355 K. The
overall feature of κobs(T) is notably closed to that of the homologue Cd2Os2O7 [10],
except for that hump feature at ~135 K. As we know the structure plays no discernable
role in the phase transition of Cd2Os2O7, whereas Cd2Re2O7 undergoes a first order phase
transition at T’~ 120 K, the hump is probably relevant to the change of lattice (phonon).

To the leading order, κobs = κe+κL, where κe and κL are the carrier and lattice thermal
conductivity, respectively. Since κe can be estimated by Wiedemann-Franz (W-F) law: κe
= σTL0, where σ is the electrical conductivity, T is temperature and L0 is the universal
Lorentz number, 2.44 × 10-8 WΩ/K2, we shall have κL=κobs-κe. In Fig.8.2, we present the
temperature variation of κobs,κe and κL. Some interesting features include: (1) The W-Flaw-estimated κe(T) reproduces all the main features of κobs(T) quite well, except for the
smaller magnitude and absence of that hump feature in ambient T’. (2) κe(T) has a
comparably weak T-dependence in the vicinity of T’ but exhibits a pronounced kink near
T* (not surprisingly, it comes from the resistivity kink at T* [14]). In contrast, κL(T)
inherits that hump feature from κobs(T) but has no discernable anomaly within ±20 K of
T*. Notably, κobs(T) and κL(T) have that hump feature at the same temperature.
Therefore, it stands to attribute that hump feature in κL(T) (and in κobs(T) as well) to the
lattice contribution (phonon). (3) In terms of the magnitude solely, the phonon (carrier) is
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the leading contribution to κobs(T) above (below) 60 K. (4) κe(T) and κL(T) practically
have T-linear dependence above T* up to 355 K, so does κobs(T).
The notable rising tail in HT regime, as we believe, is a real effect rather than from the
radiation loss although Cd2Re2O7 has relatively low κ value, the reasons were detailed in
reference [1]. One possibility is that the increase of heat capacity compensates the change
of MFP of phonon, making κobs(T) go up. Let us apply the simplest scenario: κL = (1/3)
CvVsd, where Cv is the volume heat capacity, Vs is the average sound velocity and d is the
mean free path (MFP) of phonon. Above T*, κL(T) and heat capacity [2] are shown both
T-linear, and the elastic modulus measurement gave a constant velocity of sound [22], so
the MFP of phonon is saturated above T* and at least up to 355 K. Though κobs(T),
specific heat and elastic modulus measurements at higher temperature are not available
due to either apparatus capability or inherent difficult of modeling, it is hard to image the
already saturated MFP of phonon undergoes any further change at higher temperature,
given the highly self-consistent characteristic behavior of HT resistivity (section 8.2.4).

From the sole thermal conductivity point of view, the transition at T* is essentially
electronic while the transition at T’ is associated with an enhanced role of phonon. The
strong pressure-dependence of resistivity and thermoelectric power near T’, in contrast to
the pressure-insensitivity of both of them above T*, together with the strongly (weakly)
T-dependent resistivity below (above) T*, consistently proposed the passive (active) role
of phonon above (below) T* [12,23]. At least, the coupling between the electronic and
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lattice degrees of freedom seems to be weak above T*. It is worthwhile recalling that the
MFP of charge carriers is nearly but not fully saturated above T*.

8.2.3 Thermoelectric Power

Unlike the resistivity, the thermoelectric power S(T) (i.e., TEP or Seebeck coefficient) is
sensitive to the band symmetry (shape) about EF rather than the carrier scattering rates
[24], making itself a useful comparison and supplement to our resistivity measurement
coming next. Figure 8.3 presents the S(T) measured between 5 K and 355 K. For
comparison, the absolute value of Hall Coefficient RH(T)([2]) between 5 K and 300 K
is also plotted in the same figure, as |RH(T)| is still considered a useful order-ofmagnitude scale of the carrier concentration and mobility in this two-carrier system
[2,9,10].

S(T) varies T-linearly from –3.6 µV/K at 355 K to a broad minimum of –1.0 µV/K at 220
K, then undergoes a kink at ~130 K before drops to a maximum of –10.3 µV/K near 70
K. It resumes T-linear behavior below 60 K and quickly increases to –1.9 µV/K at 5 K.
The band structure calculations [9,10] pointed out the entities of light electron pockets
near zone center and heavy hole-like portions near zone boundary at Fermi Level EF, and
the sign reversal in Hall coefficient RH (T) [2] confirmed both electron and hole are
involved in transport, so the small negative but highly temperature-dependent S(T)
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Fig.8.3. The thermoelectric power S(T) (solid circle) between 4
K and 355 K, and absolute value of Hall coefficient RH(T)
between 4 K and 300 K (open circle, after reference [13]). They
vary practically in-phase except for (1) an offset of a few tens of
Kelvin and (2) between ~60 K and T’.
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presumably comes from the non-equal cancellation between the T-dependent electronand hole- contributions.

As shown in Fig.8.3, both |RH(T)| and S(T) have strong temperature dependence and vary
practically in-phase over the whole temperature range, except for an offset of 10-15 K
and between 60 K and T’, where the carrier concentration reduces but the carried heat
conversely increases. The anomalies at 220 K and 130 K in S(T) are apparently the
precursors of those normal state phase transitions individually at T*~200 K and T’~120
K. And, the dramatic change of S(T) near 220 K presumably reflects the change of the Re
5d band shape, given its dominance at DOS(EF) [19,9,10]. It is also believed on a
comprehensive ground that RH(T)largely reflects the variation of the carrier
concentration above T* while mainly the variation of carrier mobility below T*. One
evidence comes from the radically different correlation between RH(T) and resistivity on
both sides of T*, given the fact that the heavy holes are the leading carrier above T*.

8.2.4 DC Electrical Resistivity

8.2.4.1 Overall Behavior

In Figure 8.4, we present the temperature dependence of DC electrical resistivity ρ(T)
measured from 0.3 K up to 670 K, using a standard four-probe configuration. No
anisotropy, electrical/ magnetic field dependence or thermal hysteresis was detected
below 400 K within our instrumental resolution. The specimens proved to be chemically
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Fig.8.4. The DC electrical resistivity ρ(T) between 0.3 K and 670
K (open diamond), and the dominant T-quadratic feature in
resistivity above ~250 K. We found a superconductivity transition
at Tc~1.5 K, two successive normal state phase transitions
individually at T’~120 K and T*~200 K are denoted. As
illustrated in the inset, the non-linear T-dependence in both
Regime IV and V is heavily dominated by T2 -characteristics
(solid lines).
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stable at least up to 720 K. As shown in the main panel of Fig.8.4, the itinerant nature of
carriers is self-evident over the whole temperature range.

Distinct in T- dependence, ρ(T) has been divided into 5 regimes. Regime I: T< Tc~1.0 K,
superconducting state. The resistivity measurement yielded a superconducting transition
temperature Tc~1.5 K in present study, while the bulk-wise magnetic susceptibility and
specific heat measurements consistently gave Tc≈1.0 K [4,5,6]. The µSR measurement
further indicated that Cd2Re2O7 is basically a type-II BCS superconductor with a nodeless superconducting energy gap [25]. Regime II: Tc<T<60 K, a conventional 3dimenaional Fermi liquid system featured by the T-quadratic (T2) resistivity behavior.
That characteristic temperature 60 K is determined from the local maximum in derivative
of resistivity dρ/dT vs. T, which is an indicative of a behavior crossover rather than a
phase transition [2,12]. Regime III: 60 K<T<T*~200 K, a broad hump emerges near
T’~120 K, superimposing on a strongly temperature-dependent resistivity background.
The 120 K anomaly is better resolved in the upcoming thermal conductivity and
thermoelectric power measurements. However, we did not observed the thermal
hysteresis loop early reported by Hiroi et al.[3] at ambient T’. Regime IV: T*<T<550 K,
ρ(T) is featured by the weak but apparently non-linear T-dependence. Regime V: 550
K<T<670 K, Cd2Re2O7 changes over to a steeper non-linear T-dependence between 580
K and 670 K, without showing any sign of saturation. As stated in section 8.2.1, Regime
V roughly concurs that C-W-law featured regime in χ(T), making us believe the
changeover from Regime IV to V is intrinsic, and either has a magnetic origin or is at
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least accompanied by a magnetic counterpart. Unfortunately, we are still short of the HT
structure and magnetoresistance data at present stage.

The ρ(T) in Regime IV and V is the focus of our present study. As evidenced from the
value of resistivity as well as its weak T-dependence, the charge carriers are strongly
scattered and their MFP is likely in the order of the inter-atomic spacing, i.e., the “MottIoffe-Regel” (MIR) limit. For a metal with spherical Fermi surface, the self-consistent
Boltzmann theory of transport gives the minimum conductivity σmin= 2πe2/3ha, where e
is the elementary charge, h is the Planck constant and a is the lattice constant. The
calculated σmin ~ 1.2×103 (Ωcm)-1 is smaller but in the same order of magnitude of the
measured one ~ 2.5×103 (Ωcm)-1 at 300 K. Certainly, the positive (dρ/dT) sustaining up
to 670 K and the calculated low carrier concentration [9,10] indicate the MFP of carriers
is yet fully saturated. It is also noted the RH easily overestimate carrier concentration for
such a compensated semi-metal. Furthermore, the system could be in such exotic states
that only a fraction of conduction electrons contribute to the conductivity, in which case
the MIR limit is further from being violated. Therefore, we believe the phenomenological
concept of “quasi-particle” and the self-consistent Boltzmann theory of transport are still
appropriate to use here.
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8.2.4.2 Non-linear T-dependence in Regime IV and V

Above T*, ρ(T) first adopts an apparently non-linear behavior from 250 K to 550 K, then
crossovers to a steeper one from 580 K to 670 K. Closer examination revealed a
dominant T2-feature in both regimes, as also evidenced in the ρ(T) vs. T2 plot (inset of
Fig. 8.4). The T2-dominance over such a wide temperature range is helpful in coping with
this weakly T-dependent resistivity: the total resistivity changes only ~12% in magnitude
over a total temperature span of ~ 420 K. Just as a matter of fact, ρ(T) in Regime IV and
V can be well fitted by the formula, ρ(T) = ρ0+AT+BT2 where ρ0, A and B are all Tindependent coefficients. The support for this type of parameterization will be given in
next two subsections. Including other forms of T-power neither significantly improves
the fitting nor affects the dominant characteristics of T2 in ρ(T). Typically, T2 term enjoys
a ratio of 5:1 or higher over the T-linear and/or other terms in the T-dependent part of
ρ(T). Meanwhile, the conspicuous lack of T-linear dominance over such a wide
temperature range at HT is consistent with that saturated-MFP-of-phonon picture
proposed in section 8.2.2, and an indicative of multiple scattering mechanisms, other than
the e-ph mechanism. Let us make it clear here, the following approach will focus on what
mechanism underlies that T2-characteristics, rather than pursuing the optimal (easily nonphysical) fitting or parameterizations.
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8.2.4.3 Spin Fluctuation or Ionic Fluctuation

Although the SF is secondary to IF in the phase transition at T*, nevertheless, we have to
take it into account so as to interpret the HT resistivity. Several theoretical and
experimental works on the SF in itinerant magnet system proposed a T2 dependence at
sufficiently low temperature (measured by local spin coupling) and a crossover to more
complex T-dependence: from TlnT to T-linear and saturates at a constant at higher
temperature [26]. Our knowledge about the SF in Cd2Re2O7 is quite limited at present
stage, except for that rough estimate of |JSF| and the rather non-magnetic nature suggested
by band structure calculation [9] and experiments. If we simply take |JSF| ~ 320 K as
given in section 8.2.1, the SF shall have T-linear to T-sublinear contribution in present
temperature regime [26]. The probability of a T2-type of contribution is low, unless |JSF|
is well above 103 K and there need other competing mechanisms, which is hard to image.
The second counter-evidence comes from the behavior beyond the scaling regime near
T* [2]. We plot d(ρT)/dT and d(χT)/dT vs. T over a wider temperature range, from 150
K to and 670 K, in Figure 8.5. The impressive scaling relation is once again confirmed
between 150 K and 210 K, however, the correlation between d(ρT)/dT and d(χT)/dT is
essentially out-of-phase above 250 K, and d(χT)/dT even lacks feature when d(ρT)/dT
crossovers to a distinct T-dependence above 550 K. Therefore, the SF can not, at least
solely, explains the dominant T2-charcateristics in Regime IV and V.
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Fig.8.5. The derivatives d(ρT)/dT (open diamond) and d(χT)/dT (solid line) between 150
K and 670 K. Contrasting the perfect scaling behavior between 150 K and 210 K, they
behave distinctly above 250 K. The inset shows the concurrence of that C-W-law (broken
line) featured regime in χ(T) and the Regime V in ρ(T). The dotted lines stand for the
boundaries among different Regimes.
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8.2.4.4 Electron-hole Scattering

At this point, the thermoelectric power data also helps constrain the underlying scattering
mechanism(s). S(T) behaves T-linearly below 60 K and above 220 K, coinciding with
those T2–featured(dominated) resistivity regimes. Since the T-linearity of S(T) is typical
of the conventional diffusion mechanism expected for a Fermi liquid system, and the
Fermi liquid nature has been verified below 60 K (spin fluctuation is “quenched” ?) on
Cd2Re2O7, we would expect similar scattering mechanism(s) shall govern above 220 K.
In other words, we should consider the contribution from the electron-electron (e-e)
scattering mechanism more seriously than the SF at HT.

At HT, the T2-characteristics governed by e-e scattering is generally masked by the
dominant T-linear behavior underlain by e-ph scattering. It is worthwhile referring to
Thompson’s early work on a semi-metal TiS2 [28], which pointed out the e-e mechanism
can be “dominant” in HT resistivity if “EF is small”. Following on, Kukkonen et al.
specifically studied the electron-hole (e-h) scattering in a degenerate semi-metal system,
and again confirmed the T2-characteristics [29]. Due to the strong pressure-dependence of
resistivity and the lack of hole feature in band structure, Klipstein et al. instead attributed
the T2 dependence observed in TiS2 to the nearly equal contributions come from the intraand inter-valley scattering by phonon [30]. Another reason is that the decay of current in
a pure e-e scattering system demands the poly-disperse effective mass of electron, which
is hard to understand in the case of TiS2.
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By all means, the above works are instructive. The band structure calculations including
spin-orbit interaction [9] have characterized Cd2Re2O7 as a compensated semi-metal, with
Fermi surface consisting of Brillouin zone-centered light electron pockets and heavy hole
sections near the zone boundary, together with low carrier concentration. The correlation
among the resistivity, Hall coefficient (both sign and magnitude) and thermoelectric
power behavior consistently confirmed the active involvement of the electron and hole in
the normal state properties. In section 8.2.2 and 8.2.4, the MFP of phonon (charge
carriers) is verified to be saturated (nearly saturated) above T*, so the conventional e/hph mechanism would not appreciably contribute to the T-dependent part of resistivity.
The Pauli principle ensures that the rate for e-e and h-h scattering shall be much lesser
than that for e-h scattering.

Now, all evidences point to that the e-h scattering mechanism is the one underlying the
dominant T2 behavior of resistivity at HT, although to which extent this interpretation is
unique needs more work. In a pure electron system, the resistivity governed by the e-e
scattering is expected to be proportional to m2n-5/3, where m and n are the electron mass
and concentration, respectively [28]. Not surprisingly, our measured RH (up to 300 K)
and resistivity only qualitatively follow that trend, as there is no longer simple relation
between RH and the usually T-dependent concentration/mobility of electron and hole.
Nevertheless, we believe the factor m2n-5/3 is practically a constant at HT, provided the
system adopts a constant (especially the coordinate of O) pyrochlore structure. Unlike the
dominant status in TiS2, the e-h mechanism only underlies that small T2 part of
resistivity, with the dominant part being still underlain by the e/h-ph scattering and SF
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mechanisms. The trivial value of the coefficient of T2 term (in the order of 10-10 ΩcmK-2)
makes the aforementioned prerequisite “EF is small” matter lesser in present case, even
though the calculated low carrier concentration indeed corresponds to a “small EF”. Then,
an interesting but open question is whether the phonon contribution to resistivity is
suppressed by the small Fermi momentum or inhibited by the pyrochlore structure.

8.2.5 T*~ 200 K Phase Transition

Now, we have some insight into the T*~ 200 K transition. The transition is known of
second order, the remarkable change in electrical and thermal transport contrasts the
trivial change in structure. The accompanied cubic-to-tetragonal distortion [7,8] is a
reminiscent of the Jahn-Teller (J-T) distortion in A-15 superconductors: the distortion
splits the strong DOS peak (“vHs” in our context) into two separate ones with Fermi level
locating at the valley in between [31]. We rule out this J-T model as RUS proved the
strain is not the primary order parameter. The magnetic susceptibility, specific heat and
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Cd NMR [19] all suggested the substantial reduction of DOS (EF) across T* (though

the magnetic susceptibility is not such a good scale of DOS (EF) in the narrow band
metal, due to the large shift of chemical potential at finite temperature), and the highresolution photoemission spectroscopy (PES) reported a mere reduction of ~5% from
300 K down to 100 K [14], the T-dependence of resistivity even indicated the opposite
trend (metal-to-better metal transition).
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Such a discrepancy can be readily reconciled within a two-carrier model, as inspired by
and consistent with the aforementioned electron-hole scattering mechanism. The
variation of Hall coefficient, in magnitude as well as sign, indicated the electron (hole) is
the dominant carrier below T’ (above T*) [2], thus an appreciable portion of hole is
removed with lowering temperature across T*. Supposing the heavy hole portion of
Fermi surface behaves as the scatter (of electron and phonon) as well as the carrier, its
removal from ambient EF then results in the reduction in both DOS(EF) and resistivity.
Concomitantly, the electron and phonon suffer less scattering and have higher mobility
with lowering temperature, giving rise to that distinct temperature and pressure
dependence of resistivity on each side of T* [12,23].

Now we return to Chandra’s ionic fluctuation model, which is based on the short-range
“quasi-static” ionic fluctuation near a Peierls transition [25,26]. This model can be readily
generalized to a 3-D electronic system, as it basically only depends on the Density of
States (DOS) variation, SF is secondary and subject to the IF. As long as we restrict
ourselves to the DOS scenario, we are not obliged to understand “near a Peierls
transition” in an isotropic metal like Cd2Re2O7, as there is no unit cell doubling or
multiplying at the transition (instead, the internal symmetry changes) [7], and the band
structure calculation shows no feature, such as Fermi surface nesting, to satisfy the
prerequisite for a Peierls transition [9]. Anyway, more theoretical approach is needed.

Without question, we are dealing with a novel type of ionic fluctuation or namely
metallic ferroelectric transition: the internal symmetry change associated with the
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alternation of Re-Re bonding [6,8] takes the place of multiplying unit cell, in a manifestly
3-D metal. The dominance of Re 5d band at DOS(EF) consequently leads to the drastic
change in DOS across the transition as well as the observed scaling behavior. As an
analogue to the case of Sr12-xCaxCu24O41 [27], the overall χ(T) behavior is interpretable
by DOS(EF): a spin gap is opened by the multiple scattering events [25], and the
maximum of χ(T) near 320 K is caused by the fluctuation of order parameter. The driving
force for this novel transition is certainly not the spin-lattice coupling in TMS model,
since Cd2Re2O7 is not a magnetic insulator, but could be a bond ordering that lifts the
energetic degeneracy of pyrochlore lattice. As Anderson proposed [32], while the
itinerant electrons screen out the long-range electrostatic force, they do not strongly
interact with some low energy transverse optical (TO) modes, the softening of which can
drive this transition.

8.3 Summary

The HT resistivity behavior is very informative regarding the normal state electronic
structure. In the regime above T*, the mean free path of carrier (phonon) is nearly
saturated (saturated) due to strong scattering, the e-h scattering hence gives rise to the Tquadratic resistivity between 250 K and 670 K. The T-linear term, which is presumably
given by the e/h-ph scattering and other scattering mechanisms, are secondary in the Tdependent part of resistivity above T*. Behaving as scatter as well as the leading carrier,
the heavy hole portion of Fermi surface gradually removed itself with lowering
temperature across T*, until the lighter electrons become the leading carrier near T’. As
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the result, the electrons and phonons become more contributive in the T-dependent part
of both charge and thermal transport. While the transition at T* is essentially electronic,
phonon seems to have an enhanced role with lowering temperature and in the transition at
T’. More importantly, we find the complex change in crystal structure and the normal
state physical properties near T* can be well explained by the internal symmetry of unit
cell and accompanied density of states variation.
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